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Organic Rankine Cycles (ORC) are thermodynamic power cycles designed to generate 
work from low temperature sources. The low temperature heat input, typically between 
80 °C to 270 °C, allows them to recover energy from industrial waste heat, exhaust gas 
from diesel, engines, solar systems, geothermal systems, and others. This technology 
already is commercialized in large-to-medium-scale power plants; however, it is still in 
development for small-to-micro scale. 
The operating principle of ORC comprises four major steps. First, the working fluid 
evaporates at high pressure using the heat transfer from the low temperature heat source. 
Then, the working fluid reduces its enthalpy in an expander producing mechanical work, 
which is turned into electricity by a generator. The low-pressure working fluid leaving the 
expander outlet is liquefied in the condenser. The working fluid is then pumped, 
pressurizing the liquid to the high pressure and restarting the cycle. 
The efficiency of an ORC is highly dependent on the expander characteristics. This 
research experimentally evaluates the performance of a scroll expander with a nominal 
capacity of 5 kW and a built-in volume ratio of 3.5. Tests were conducted in an ORC
xii 
 
 test-rig using R245fa as the working fluid. Two temperature sources of 85°C (185°F) and 
110°C (230°F) and five expander speeds, from 800 RPM to 3000 RPM were tested. 
The scroll expander achieved a maximum isentropic efficiency of 0.58 at a volume ratio of 
6.12, expander speed of 1600 RPM, and a temperature source of 110°C (230°F). The same 
temperature source also registered the maximum expander power output of 3.75 kW at a 
volume ratio of 6.55 and an expander speed of 2500 RPM. 
An empirical and a semi-empirical model were compared with the data to assess their 
competence in predicting the ORC outlet power and isentropic efficiency. Both models 
matched experimental data accurately. The empirical model has average deviation errors 
of 3.22% and 3.20% for the expander isentropic efficiency and power output, respectively. 
While a mean deviation in the order of 4% was registered using the semi-empirical model. 









CHAPTER 1. INTRODUCTION 
1.1 Background 
The Annual Energy Outlook 2015 (AEO2015), prepared by the U.S. Energy Information 
Administration (EIA), is a report that evaluates a range of trends and issues that could have 
major implications on U.S energy markets. Its projections focus on the factors expected to 
shape U.S. energy markets through 2040. Some projections from this report are as follow: 
 U.S. energy consumption grows by an average of 0.3% per year from a total 
consumption of 97.1 quadrillion Btu in 2013 through a total consumption 105.7 
quadrillion Btu in 2040; 
 
 total electricity use in the U.S. grows by an average of 0.8% per year, from 3,836 
billion kilowatt-hours (kWh) in 2013 to 4,797 billion kWh in 2040; 
 
 the future path of crude oil and natural gas prices can vary substantially; and 
 
 renewables energy use is projected to increase from 8% in 2013 to 10% in 2040 of 
the total energy consumption. 
 
Looking to the past decades shows that the energy demand has been increasing overtime, 
which can be seen in Figure 1. This increase can be attributed to economic growth. 
Projections anticipate a 0.3% yearly growth in U.S. energy demand through 2040. When 
compared to the past two decades this seems a modest projection, but it takes into 
consideration the incentive to use more energy-efficient technologies in the coming years. 
These projections of rising energy demand are in and of themselves an incentive for 
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further research focusing on ways to increase the efficiency of equipment and methods of 
power production. 
 
Figure 1:Primary Energy Consumption by Fuel from 1980 to 2040, Projection in 
Quadrillion Btu. (AEO2015, p. 31). 
 
Conventional methods of energy generation are based on the use of limited sources, such 
as petroleum, natural gas, and coal. Furthermore, significant portion of fossil fuel reserves 
are concentrated in a small number of countries; therefore, political decisions, changes in 
administration and localized crises can cause significant variations in the costs of these 
sources. Nuclear fission is another traditional source of energy supply, but it has been 
linked to recent uncertainty and public disapproval regarding the safety of nuclear power 
plants.  
A higher level of awareness among the world population regarding environmental concerns, 
such as climate change, create considerable pressure for changes in traditional energy 
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conversion, energy efficiency usage and the exploration of renewable sources. Natural 
sources such as geothermal, solar and biomass are regarded as possible complementary and 
alternatives methods to increase the energy production and substitute traditional methods. 
However, these technologies typically have relatively low associated temperatures, which 
in turn leads to low Carnot efficiency. These natural sources are then classified as low-
grade heat sources (with a temperature range of 60-200 °C) or moderate-to-low 
temperatures sources (with temperatures under 400 °C). 
In addition, there is another potential source worthy of exploration: the wasted heat. The 
necessity to reject thermal energy to the environment is intrinsic to many processes, which 
makes this source abundant. Some examples of wasted heat sources are exhaust gases from 
turbines, cooling processes in power plants, internal combustion engines, and industrial 
processes from cement and, rubber industries, etc. Rattner and Garimella (2011) assessed 
the potential of waste heat from U.S. power generation and thermal processes. According 
to their study the largest concentration of wasted heat is localized in the range of low 
temperature sources in the transportation sector, followed by power plants. A summary of 
their evaluation is featured in Figure 2. 
Many technologies are being studied in order to make the best use of wasted heat and to 
make renewable energy more affordable. The organic Rankine cycle (ORC) is one of these 
technologies. The ORC is not a new technology; however, in recent years it has received 
great attention due to its potential to increase the overall efficiency of traditional 
technologies. This is achieved because of its simplistic structure, the availability of its 





Figure 2: Estimated U.S. Waste Heat Sources by Temperature Range. (Rattner and 
Garimella , 2011). 
 
ORC technology is structurally similar to a traditional thermodynamic Rankine cycle but 
ORC uses a more volatile working fluid rather than water such as organic refrigerants. 
Organic fluids are characterized by lower ebullition temperature than water. This allows 
the evaporation in the thermodynamic cycle to occur at lower pressure and temperature; 
therefore, less heat is required during the evaporation process. 
 
Figure 3: Basic Schematic of an Organic Rankine Cycle. 
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The operating principle of an ORC contains four major steps.  The working fluid evaporates 
at high pressure using the heat transfer from the low temperature heat source.  Then, the 
working fluid reduces its enthalpy in an expander producing mechanical work that can be 
used directly or converted into electricity by an electric generator. The low-pressure 
working fluid leaving the expander is passed to the condenser, where its temperature is 
reduced and changes phase to liquid. From there, the working fluid is pumped to pressurize 
the liquid to the high pressure and the cycle restarted. 
1.2 Motivation 
The combination of the projections in the growth of electricity demand (and energy demand, 
in general) attribute to social concerns regarding climate change and uncertain fluctuations 
in fossil fuels costs makes clear the need for more efficient equipment and an overall 
improvement in power supply. The ORC can be used to increase the power supply and 
improve overall efficiency when coupled with an existing machine or process. 
ORC technology has become a more popular technology due to its wide range of possible 
applications, including solar thermal, geothermal, oceanic, biomass combined heat and 
power as well waste heat. The ORC can bring some relevant economically and 
environmental   advantage, especially when used for heat recovery, due to its potential to 
decelerate the consumption of resources and increase the overall efficiency of the system. 
Despite, this potential range of applications and its similarity to the traditional Rankine 
cycle, the relative low temperature source associated with an ORC results in the challenge 
of having a low Carnot efficiency limit. The ORC will be considered feasible if it 
approaches this limit. 
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In order to achieve efficiencies as close as possible to the Carnot limit, each component of 
the ORC system must have high efficiency. Due to the cycle’s objective being work 
generation, the expander has great influence on the cycle efficiency as it converts the 
energy of the stream into useful work. Thus, an expander device with a high overall 
efficiency is crucial in making this technology more mainstream and feasible. 
There are many types of expanders, which are typically categorized as turbo machines or 
displacement machines. Turbo machines are used in large-scale power generation due to 
their complexity and elevated costs. While positive displacement machines are used in 
small to micro-scale power generation. The scroll expander is a positive displacement 
machine that offers a meaningful potential for small-scale power generation. Its operation 
is well-known and scroll technology is commonly used for compressors in HVAC systems. 
Small-scale energy generation has gained the attention of researchers due to its potential to 
be associated with mass production items such as internal combustion engines (ICE), 
leading to a more conscientious use of fossil fuels, decelerating demand and alleviating 
environmental problems caused by fossil fuel burn, such as CO2 and NOx emissions. There 
are more applications for small-scale ORCs than to implement it in an ICE, such as 
supplying electricity to unconnected areas or providing grid independence from natural 
sources. 
A partnership with Air Squared Inc, a company that designs and manufactures scroll 
compressors, vacuum pumps and expanders, was established to experimentally evaluate 
the performance of a scroll expander. The scroll expander prototype has a nominal output 
power of 5 kW and a maximum operation pressure of 13.8 bars. This work includes an 
experimental characterization of this equipment. 
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1.3 Objective and Approach 
The scroll expander provided by Air Squared is an oil free prototype that was originally 
designed to work as an expander. In this thesis, a study of the device in an ORC test-rig is 
conducted with the following objectives: 
 experimentally evaluate the performance, power output and isentropic efficiency, 
of the 5kW Air Squared expander at two temperature sources (85°C and 110°C); 
 
 apply the semi-empirical model developed by Lemort et al. (2008) to characterize 
the expander device and estimate its losses; and 
 
 create an empirical expander map for this machine. 
 
Aside from the study of the expander in the ORC, this thesis also intends to provide 
thorough documentation of the existing ORC test-rig. The test-rig was built over a couple 
of years by previous research assistants at Purdue University’s Ray W. Herrick 
Laboratories. Prior to the commencement of the research presented in this thesis, very little 
information was known about the test-rig and no documented results existed.  Due to these 
reasons this thesis also aims to: 
 describe the equipment of the test-rig and general operating and test procedures of 
the ORC and the test-rig; and  
 
 list any basic experimental issues; 
 
 
1.4 Thesis Organization 
 
This document follows this organization: 
Chapter 2 presents the literature review of some previous works with scroll expanders 




Chapter 3 provides a detailed documentation of the test-rig, listing all the equipment and 
sensors, and their calibration. 
Chapter 4 introduces the description of the test procedure, briefly reports some 
experimental issues and presents the experimental results. 
Chapter 5 presents a semi-empirical model and an empirical model of the expander and its 
results.  




CHAPTER 2. LITERATURE REVIEW 
2.1 Current Status of the Technology 
There is a wide range of ORC applications that make this technology very promising and 
attractive. Borsukiewicz-Gozdur et al. (2014) demonstrated that with the appropriate 
working fluid an ORC can be used for combined heating and power (CHP) in plants for 
wood processing. Oudkerk et al. (2013) evaluated the performance of an ORC based micro-
combined heat and power (CHP) using a scroll expander. Simulations showed that the ORC 
cycle could achieve an overall electrical efficiency of 8% and thermal efficiency of 87% 
providing 11.8% in primary savings using a scroll expander. A second analysis was also 
done using two scroll expanders in series, which raised the cycle efficiency to 12.5%. 
ORCs are also being studied for domestic CHP. Peris et al. (2014) experimentally 
characterized an ORC for a Cooling and Heating application. They achieved a maximum 
net electrical power of 5.60 kWe with a maximum cycle efficiency of 8.80%; with respect 
to the useful heat, a maximum thermal power output of 58.14 kW was measured.  
The ORC also has potential in internal combustion engines (ICE). This type of engine 
typically has efficiency in the range of 25 to 40%. Song et al. (2014) examined waste heat 
recovery of a marine diesel engine using ORC technology.  Two separate ORC systems 
with R245fa and benzene as the working fluids were studied to recover waste heat from 
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the jacket cooling water system and engine exhaust gas. They evaluated that a total net 
power output 101.1 kW could be reached, which resulted in an efficiency increase of 10.2% 
for the marine diesel engine. 
Katsanos et al. (2012) conducted a theoretical study to investigate the potential of an ORC 
coupled with the exhaust of a six-cylinder heavy-duty two-stage turbocharged truck diesel 
engine. Using the working fluid R245ca, their study showed that the brake specific 
consumption improvement ranges from 10.2% at 25% engine load to 8.5% at 100% engine 
load. While Battista et al. (2015) investigated the interaction of an ORC mounted on the 
exhaust line of a turbocharged IVECO F1C engine. Their study reported some difficulties 
in recovering heat from the exhaust gases in the evaporator but also showed that the gross 
benefit of the ORC-based unit power range in the level of 4% to 5%. The study mentioned 
that additional improvement is possible with a model-based control and a more efficient 
expander. 
ORC technology also has applications in sustainable energy systems. Saitoh et al. (2007) 
experimentally studied a solar Organic Rankine Cycle, and found 7% cycle efficiency 
when using a compound parabolic concentrator solar collector. Meanwhile, an ORC 
applied to geothermal sources is already a mature and commercialized technology. 
According to Bronicki (2007), an ORC system designer and manufacturer known as the 
Ormat company, has already generated 900 MW in geothermal power plants using ORC 
technology. These units typically range from a few MW (unspecified) to 30 MW with 
temperatures often lower than 200 °C.  
An ORC can be used to reduce the cost of infeasible technologies.  Delgado-Torres and 
García-Rodrígues (2009) discovered as much with a theoretical analysis of reverse osmosis 
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desalination. This process uses solar thermal power from an ORC to drive reverse osmosis 
desalination applied in seawater, making this combination interesting in some scarce water 
resources scenarios. 
Even with all this diversity of applications and numerous studies, the ORC technology is 
mostly commercialized in medium to large scale systems.  The lower theoretical Carnot 
cycle efficiency limit from using low-grade energy and the relatively high cost of the 
equipment make it difficult to fabricate a commercially viable small-scale ORC. Quoilin 
et al. (2012) was able to identify 11 companies in the ORC technology market that applied 
the ORC for wasted heat recovery; none of the companies commercially used a scroll 
expander. This absence of a scroll expander can be justified by the size of commercialized 
systems. 
Therefore, this technology is still in development for the small and micro-scale range. One 
of the greatest challenges is to find an expander with high efficiency that could cause the 
system to operate close to the respective Carnot limit and thus, make the ORC more feasible. 
Generally, expanders applied to ORCs are categorized into two types according to Qiu et 
al. (2011). One is the velocity (turbo) machine type, such as an axial turbine expander; the 
other is a volumetric (displacement) type, such as screw expanders, scroll expanders, and 
reciprocating piston expanders. According to Zanelli and Favrat (1994), small- and 
medium-scale volumetric types are preferable for small-scale ORCs, while turbo machines 
are typically used for large scale energy conversion system, mainly due to their operational 




Figure 4: Optimum Operating Map for 3 Expander Technologies and 3 Target 
Applications According with Quoilin et al. (2012). 
 
The displacement-type scroll expander presents a definite advantage over other potential 
volumetric machines. It has a reduced number of parts, relative compact structure, the 
ability to cope with two phase working fluids, and it has already proved reliable in 
compressor mode. Also, the scroll expander has become a good candidate for micro- and 
small-scale ORC applications because of its lower levels of noise and vibration.  
Bao and Zhao (2013) also highlight the following advantages of scroll expanders: 
 does not require inlet or exhaust valves which reduces noise and improve durability; 
 
 rolling motion of the contact points offers less resistance than sliding friction; 
 
 rolling contacts provide a seal to leakage with minor volume of oil; and 
 
 can start under any system load without any start component; 
 
More recently, Song et al. (2014) conducted a review of the research status of scroll 
expanders and cited that scroll expanders are still in the early stages of development. He 
reported fifteen studies of experimental tests on scroll compressors that were converted to 
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run as expanders. For nine of these studies the maximum shaft power produced was less 
than 2 kW and the expander overall efficiency varied significantly from study to study, 
ranging from 0.3 to 0.8. The recent publication date of the article by Song et al (2014) 
indicates that the scroll expander is still in a development stage, but that at the same time 
there is interest to make scroll expander technology more efficient and affordable. 
Scroll compressors (and expanders) can be distinguished as hermetic, semi-hermetic, and 
open-drive compressors. The first two are characterized as having the compressor 
components and motor drive assembled with a common shaft:  the hermetic is welded into 
a steel container not made to be open, while the semi-hermetic can be open to facilitate the 
adaptation. Song et al. (2014) also reported that the semi-hermetic A/C scroll compressor 
is receiving considerable research attention due to its compactness and light weight making 
it a good choice for small-scale ORC. 
Aside from positive displacement expansion devices, the scroll expander’s geometry is the 
most complicated. Figure 5 exemplifies the scroll expansion process. The scroll expander 
consists of a pair of scrolls called fixed and orbiting scrolls. First, the high pressure gas 
enters the center and then moves to the low pressure peripheral exhaust area. According to 
Xiaojun et al. (2004), the expansion process can be divided into three phases: charging, 
expansion, and discharging. The charging phase begins when fluid starts to enter the central 
chamber. The charging chambers are sealed and the gas in the expansion chamber expands 




Figure 5: Scroll Expander Operational Cycle (Saitoh et. al, 2007). 
 
Scroll expanders are also classified into two types based on their motion. The kinematic 
rigid configuration maintains a small clearance gap between scroll wraps. The compliant 
scroll machine not only allows the scroll wraps to come into contact; it also permits 
momentary radial and/or axial separation during operation.  
According to Peterson et al. (2008), the constrained type uses a linkage mechanism to allow 
the orbiting scroll plate to move relative to the stationary scroll plate. In this design, there 
is no compliance between the relative positions of the two scroll wraps. In contrast, in the 
kinematically constrained device, a compliant scroll uses a centrifugal effect on the orbiting 
scroll wrap to maintain contact between both wrap side walls as they slide against each 
other. Axial compliance can also be achieved by applying a force on the fixed scroll wrap. 
A characteristic of scroll expanders is that the volumetric ratios of these machines are fixed, 
also known as built-in volume ratio. This is the measurement of the trapped gas at suction 
to the volume of trapped gas at discharge. However, according to Lemort et al. (2009), the 
volume ratio imposed on the machine may not correspond to the built-in volume ratio of 
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the expander. Situations of under-expansion and over-expansion are types of losses in the 
system that reduces the efficiency of the expansion process. 
A clear approach to experimentally characterize an expander was developed by Woodland 
et al. (2012). In their study, the adiabatic efficiency of an ORC scroll expander has been 
characterized by the filling factor and the volume ratio imposed. It has been shown that the 
adiabatic efficiency of the expander has a peak close to the unity of filling factor and the 
built-in volume ratio of the expander. 
As shown by Xiaojun et al. (2004), there are also losses when the charging pressure is 
lower than the nominal suction pressure due to flow loss and porting loss. Second, the 
pressure after the expansion is not equal to the discharge pressure. When the pressure after 
the expansion is higher than the discharge pressure, the gas in the discharge pocket will 
flow backward into the control volume and an isochoric compression loss will occur.  
Furthermore, Peterson et al. (2008) found that for kinematically-constrained scroll 
expanders, rotational speed can play a significant role in the proportion of flow contributing 
to power output versus the flow passing through gaps between the fixed and orbiting scroll 
(internal leaks). 
The internal leakage of the expander is one of the most important factors that influence 
scroll expander performance. Wang et al. (2009) found a small upward trend for the 
isentropic efficiency of a compliant scroll compressor when the expander’s rotational speed 
increased, but the isentropic efficiency remained relatively flat when increased by 2500 
RPM to 3600 RPM. Wang et al. (2009) justified this behavior with the premise that leakage 





Figure 6: Visual Demonstration of the Leakage Sources in an Scroll Expander. (Xiaojun 
et al. (2004)). 
 
2.2 Working Fluid 
The working fluid is a crucial component of the Organic Rankine Cycle.  The working 
fluid is closely aligned to the performance of the cycle, the size of components, and safety 
and environmental concerns. A good match between the temperature of the source and the 
pressure ratios for the expander is essential to ORC efficiency. Typically, the approach to 
select an ORC fluid consists of simulating the cycle with a thermodynamic model and 
comparing the different candidates. However, it is not the only method; Quoilin et al. (2012) 
proposed an operating map that characterizes the interaction between the expansion 
machine and working fluid as shown in Figure 7. It’s advantageous because limits for the 





Figure 7: Scroll Expander Operating Map Developed by Quoilin et al. (2012). 
 
There is a common classification of working fluids according to the inclination of the 
saturation vapor curve. A wet fluid has a positive slope; dry fluids have negative slopes. 
Likewise, a fluid that has nearly constant entropy at all temperatures along the saturated 
vapor curve is called isentropic. 
The classification, summarized in Figure 8, helps designers evaluate the necessity of 
implementing a regenerator in the cycle. A regenerator is an internal heat exchanger located 
after the expander. It cools the working fluid before entering the condenser and warms the 
working fluid before entering the evaporator. According to Quoilin (2013), a regenerator 




Figure 8: T-s Diagram for (a) Wet Fluid, (b) Isentropic Fluid, (c) Dry Fluid.  
Source: Badr et al. (1985) 
 
Other characteristics should be considered when choosing the working fluid, such as fluid 
density. A high density fluid leads to lower volume flow, lower pressure drops in the heat 
exchangers and smaller size of expander. According to Maizza and Maizza (2000), as the 
latent vaporization heat of a fluid increases, more heat is transferred from the temperature 
source during the phase change process as indicated in Figure 9. However, J. Larjola (1994) 
shows that for a lower latent heat, more of the heat transfer process occurs in the single 
phase where the temperature is variable and reduces the irreversibility of the heat transfer 
process. 
 
Figure 9: Effect of Vaporization Latent Heat on the Irreversibility in the Heat Transfer 
Process. Source: Larjola (1994) 
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2.3 Modelling Expanders 
Lemort et al. (2013) reported the differences in three modelling approaches for ORC 
expanders. The empirical, or black-box, is typically a polynomial regression that expresses 
the efficiency of the expander as a function of the operating conditions. The semi-empirical, 
or grey-model, is typically based on physical parameters, steady-state conditions, and is 
often used to design ORC systems. The deterministic, or white-box, is a powerful tool for 
expander design optimization, but its more detailed description requires significant 
computational time.   
Declaye et al. (2013) represented the isentropic efficiency of a scroll expander using 
Pacejka’s equation, producing a 3D map of the expander as function of the pressure ratio 
and the rotational speed. They reported that the empirical expression allows for the 
simulation of the studied expander performance under different ORC systems with good 
accuracy.  
Lemort et al. (2009) deduced a semi-empirical model of a scroll expander and validated it 
with experimental data. The model had good accuracy and was able to predict mass flow 
rate with a maximum deviation of 2%, shaft work of 5%, and outlet expander temperature 
with an accuracy of 3 K. Georges (2012) applied the same model to a Sanden TRS-105 
automotive scroll compressor modified to be an expander, and was able to predict mass 
flow rate with a maximum deviation of 5%, shaft work of 8%, and temperature with an 
accuracy of 2K. 
Some variations of this semi-empirical model can also be found in previous studies. 
Giuffrida (2014) improved the model procedure, generalizing it for use with different fluids 
other than its original calibration. This procedure does not assume a constant isentropic 
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efficiency during working fluids selection as do many existing studies.  James et al. (2015) 
deducted a similar semi-empirical scroll compressor model that accounts for oil flooding 
via liquid injection. The model was also used to evaluate the irreversibilities of the 
compressors by tracking the energy changes through the main steps in the compression 
process. This model accounts for the flooding liquid was applied to a scroll expander by 
Bansal (2015) in a liquid-flooded Ericsson power cycle. Using the model, he was able to 
conduct an irreversibility analysis of the machine, and found that losses related to pressure 




CHAPTER 3.  DESCRIPTION OF THE TEST-RIG 
3.1 The ORC Test-rig 
 
Figure 10: ORC Test-rig in Purdue University’s Herrick Laboratories. 
 
The test-rig for the Organic Rankine Cycle is located in Purdue University’s Ray W. 
Herrick Laboratories. This is the newest ORC test-rig of the laboratory and it was 
constructed over the last two years by graduate students, professors and technicians. The 
initial objective of this test-rig is to test a 5 kW scroll expander from Air Squared. Since 
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it is a new test-rig detailed documentation of the test-stand has never been done and will 
therefore be provided in this thesis. 
The test-rig is equipped with all components of a regular ORC: evaporator, expander, 
condenser, subcooler and pump, sensors, data acquisition system, generator, resistor bank, 
and LabVIEW program. The complete, component by component layout of the test stand 
can be found in Figure 11. The calibration process of some sensors and some modifications 
of the test-rig that the author has done are also explained in this chapter. 
 
Figure 11: Schematic Layout of the ORC Test-rig Including Equipment and Sensors. 
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3.1.1 Source – Hot Water Loop 
The source is typically a hot fluid stream used to transfer heat to the working fluid of the 
organic Rankine cycle. In practical application, this can be a natural source, such as solar 
or geothermal, or heat rejected from a process, like wasted heat. It typically is found in 
form of hot media, such as gases from combustion in engines or boilers, vapor, hot water, 
hot oils, or any heated media that needs to be cooled or is no longer necessary in a process.  
A closed loop of hot water equipped with a boiler is used to simulate the heat source. This 
water boiler is a custom-made boiler with five heater elements of 20 kW each connected 
to three steps mechanical switches as the scheme shown in Figure 12A. In total a maximum 
power capacity of 100 kW can be controlled as one step of 20 kW and two steps of 40 kW. 
The boiler specification presents a maximum temperature of 197 °C (388 °F) and 
maximum pressure of 1380 kPa (200 psia). However, the boiler is equipped with 
temperature switches (mechanical thermostat) that can be set up to 177 °C (350 °F) and 
shut off the heaters when this temperature is achieved, therefore prohibiting the heaters 
from reaching temperatures higher than this limit. In addition, the hot water loop has an 
expansion tank, which is rated for temperatures up to 115.5 °C (240 °F), limiting even more 
the source temperature simulated by the boiler.  
Originally, the boiler was equipped with an integrated digital controller that had a PID 
control. Due to the limitation of the mechanical relays, which only allow the heaters to turn 
ON or OFF, the PID controller is only able to control the combination of the three steps of 
heaters (two 40 kW and one of 20 kW). It resulted in an unstable heat source, with large 
variation around the set point (see Figure 13). It was noticed that when the ORC was 
running, the temperature varied up to 3 °C (5.4 °F) above and close to 6 °C (10.8 °F) below 
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the set point. This variation also led to a similar fluctuation in the torque and efficiency 
readings; and steady conditions could not be achieved. 
 
 
Figure 12: A) Boiler Controller Before Modification B) Boiler Controller After 
Installation of SCR. 
 
A modification in the boiler was made to minimize the fluctuation around the set point. 
One of the mechanical relays of the step of 40kW heaters was substituted for a silicon 
controlled rectifier (SCR), Omega model SCR39Z-48-060. It is a proportion electric power 
controller for resistive loads. This model uses the zero-voltage switching method (also 
known as burst fired), where proportioning action is obtained by varying the number of 
ON cycles to OFF cycles for a time base (for this Omega SCR, the time base is 0.2 seconds). 
For example, the output will vary through half cycle ON and half OFF at half input, while 




Figure 13: Result of the Boiler Controller Before the Modifications, with a Set Point of 
108°C. Data from 04/27/2015. 
 
The SCR is controlled with an input signal of 4 mA to 20 mA, which are equivalent to OFF 
and ON, respectively. Any signal between these two limits will provide the proportional 
desired action. The LabVIEW code used to read the ORC sensors was updated to calculate 
the heat transferred in the evaporator, from the source’s water flow to the ORC. Then a 





Figure 14: Example of proportional method of zero-crossing control of SCR. Source: 
SCR manual. 
  
𝑄𝑒𝑣𝑎𝑝 = ?̇? ∗ 𝑐𝑝 ∗ (𝑇𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 − 𝑇𝑤𝑎𝑡𝑒𝑟 𝑜𝑢𝑡) (1) 
 
In addition to the amount of heat being transferred in the evaporator, the algorithm also 
uses a variable increment correction and a fixed increment value. These increments were 
necessary because the source was not stable when the boiler was tested to supply only the 
heat transferred into the evaporator. The variable increment correction varies when the 
temperature starts to stray from the set point, forcing a convergence to the set point. The 
variable increment assumes a value when the absolute difference of the water temperature 
entering the evaporator and the set point are greater than 0.15 °C (0.27 °F). The increment 
then increases the amount of heat supplied from the boiler as the temperature starts to drop 
below the set point and decreases the amount of heat when the temperature suppurates the 
set point temperature. The value for the variable increment is ruled by: 
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 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 = 5 ∗ (𝑇𝑆𝑒𝑡𝑝𝑜𝑖𝑛𝑡 − 𝑇𝑅𝑒𝑎𝑑)  (2) 
 
A fixed increment of 2 kW is also used. Both the factor 5 in Equation (2) and the 2 kW 
fixed increment were experimentally determined. The use of these increments helps the 
source converge to the set point. The reason for this increment was not studied, but the 
author believes it can be associated with the amount of heat lost in the pipe’s length; and 
due to some uncertainty related with the resistances of the heaters and in the calculation of 
the heat transfer from the water loop to the ORC in the evaporator. 
Table 1: Difference of the boiler water outlet temperature to the set point and a sample of 















The controller is then governed by the following equation: 
  
𝑃𝑜𝑤𝑒𝑟 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑑 𝑏𝑦 𝑆𝐶𝑅
= 𝑄𝑒𝑣𝑎𝑝 − 𝑃𝑜𝑤𝑒𝑟 𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑂𝑁 𝑖𝑛 𝑡ℎ𝑒 𝑏𝑜𝑖𝑙𝑒𝑟




The replacement of one of the mechanical relays by an SCR and the use of Equation (3) as 
an algorithm to control it were able to stabilize the source temperature during the 
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experimental operation. As result of this modification, variations lower than 0.5°C (0.9°F) 
were achieved. An example is shown in Figure 15. 
 
Figure 15: Boiler Controller Results after Mechanical Relay be Replaced by the SCR, 
with a Set Point of 110 C. The temperature axis range is the same of the Figure 13. Data 
from 04/11/2016.  
 
3.1.2 Heater Exchangers 
An ORC needs to be equipped with at least two heat exchangers. The evaporator transfers 
heat from the source to the cycle and the condenser rejects heat from the cycle to the sink. 
This test stand is also equipped with a subcooler, a smaller heat exchanger located in the 
low-side pressure before the pump. The sub-cooler reduces the chance of two-phase flow 
in the pump inlet and minimizes the cavitation risk.  
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All ORC heat exchangers are brazed plate heat exchangers (BPHE). Plate heat exchangers 
are considered compact when compared to shell-and- tube exchangers, because the heat 
transfer surface area per unit volume of the exchanger results in reduced space, weight, and 
fluid charge inventory required by the system.  
 
Figure 16: Construction scheme of brazed plate heater exchanger. Source: heat exchanger 
data sheet. 
 
The BPHE is constructed as a plate package of corrugated channels brazed to each other. 
The concept is similar to other plate heat exchangers, but it eliminates the use of gaskets 
and frame parts, and therefore has the advantage of high leak tightness. The two different 
media flow side by side through different channels separated by the plates, and the hotter 
media transfers heat to the colder media.  
The condenser and the evaporator heat exchanger is model B80Hx70/1P-SC-S 4x42U and 
the subcooler is model B10THx16/1P-SC-M, both from Swep. All three are stainless steel 
brazed with copper and the flow configuration is counter flow. The main characteristics of 




Figure 17: Plate Characteristics of BPHE. The Plates Are Positioned in Opposite 
Directions, Creating the Channel Pattern Shown on the Right. 
 
Table 2: Main characteristics of the heat exchangers. 



















A 523.875mm (20.625") 292.1mm (11.5") 
B 114.3mm (4.5") 114.3mm (4.5") 
Maximum working 
fluid temperature: 
240 °C (400 °F) 240 °C (400 °F) 
Maximum working 
fluid pressure: 
4481.59 kPa (650 psi) 4481.59 kPa (650 psi) 
Number of plates: 70 16 
Plate thickness: 0.3mm (0.0118") 0.3 mm (0.0118") 
 
3.1.3 Scroll Expander 
Scroll expanders are expansion devices of positive displacement that do not require valves 
and are self-starting.  As a characteristic of its design, the scroll expander has a constant 
volume ratio, also called built-in volume ratio. Scroll expanders typically present good 
performance for small-scale ORC and can be used either oil-flooded or oil-free.  
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The Air Squared expander is an open-drive expander with a nominal power capacity of 5 
kW. It is equipped with magnetic coupling to ensure tightness and minimize leakage risk. 
Its built-in volume ratio is 3.5 and it has a displacement volume of 73.6 𝑐𝑚3per revolution. 
The expander is limited to a maximum inlet pressure of 1380 kPa (200 psia), a maximum 
temperature of 175 °C (345 °F), and a speed in the range of 500 RPM to 3600 RPM. The 
experimental test of its efficiency in an oil-free operation is one of the objectives of this 
thesis.  
 





The test-stand is equipped with a piston pump, Pumpcat model 1051CM. It is classified as 
a reciprocating positive displacement pump, which is preferred over dynamic machines in 
ORC due to its capacity to provide a low flow rate and a large pressure ratio with good 
mechanical efficiency. Another advantage of the positive displacement pump is the linear 
relationship between the mass flow rate and the rotation of the motor (Figure 19). 
Table 3: Pump characteristics 
Pump Characteristics 
Maximum speed: 450 (RPM) 
Bore 25 mm (0.945") 
Stroke 30 mm (1.118") 
Maximum pressure: 152 bar (2200 psi) 
 
 
Figure 19: Mass Flow Rate and Pump Speed for the Data Collection. 
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3.1.5 Motors and Variable Frequency Drive 
Both the expander and pump are connected to the three-phase electric motors controlled 
with a variable frequency drive (VFD). This allows controlling the speed of each motor 
and testing different conditions of the cycle. Both three-phase electric motors have the 
same characteristics and maximum power capacity of 7.457 kW (10 hp) with a maximum 
speed of 5000 RPM. The VFDs are from Baldor, series 18H, which use the technology of 
flux vector control (also known as Field-Oriented Control). The VFD requires an encoder 
connected to the motor and uses a closed-loop control scheme and algorithms to adjust the 
voltage phases, frequencies and current applied to a three-phase induction motor. The 
vector control separates the motor current into its flux- and torque-producing components 
and then adjusts it to produce maximum torque for the speed.  
 
   
Figure 20: Variable  Frequency Drive for the pump and the Expander (Left). Dynamic 
Breaking Transistor Used to Convert the Electricity Produced by the Generator and 




The power produced by the expansion of the working fluid is transferred to the electric 
motor by a timing belt. The motor runs in reverse mode, working as a generator. The 
electricity produced is then dissipated in a dynamic breaking resistor bank with rated 
capacity of 11.3 kW with a total resistance of 12.6 Ω. In practice, this power production 
could be used locally or the electricity could be sent to the grid and sold. 
 
3.1.6 Sensors and Calibration 
A thermodynamic state of a pure substance can be determined by identifying two 
independent properties. Keeping track of the changes in the working fluid properties is 
essential to control the ORC and to allow for the determination of cycle performance. The 
test-stand has temperature and pressure sensors in the equipment inlets and outlets where 
the working fluid passes. A detailed indication of the position of each sensor is shown in 
Figure 11. Besides pressure and temperature, the ORC test-rig is also equipped with a 
torque sensor used to calculate the work produced by the expander, mass flow sensors for 
both the working fluid and the water flow in the source loop encoders to measure the speed 
of the motors.  
The calibration equations of these sensors can be found in the Appendix D. The calibration 
of the mass flow meter and the thermocouples was made by a previous student, while the 
calibration of the torque sensor and the pressure transducers was realized by the author of 
this thesis. Accordingly, the calibration method for these last two pieces of equipment is 
presented here.  
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3.1.6.1 Pressure Sensors 
The pressure sensors are pressure transducers, model 207 from Setra, that require a 24 V 
power supply and produce an output signal of 0-5 V. The ORC’s high-side pressure (from 
the pump outlet to the expander inlet) is equipped with 0-3447.3 kPa (0-500 psig) while 
the low-side pressure (from the expander outlet to the pump inlet) is equipped with pressure 
transducers of 0-1723.6 kPa (0-250 psig). 
Both pressure transducers were calibrated using the OMEGA® PCL-1B pressure calibrator 
equipped with the calibration module 0-1000 psig. Each sensor is installed in the 
calibration stand and connected to the DAQ channel used during the ORC experimental 
tests.  
The calibration starts pressuring the calibration stand with nitrogen. Six different pressure 
points are set and recorded the output signal of the sensors for each of these points. A 
frequency update reading of ~0.5 Hz is used, the pressure is maintained stable, and 30 
readings are collected. The average output voltage for these 30 points is then used as the 
voltage point value. The five points are then used for a linear fitting and the equation for 
this line is the calibrated equation.  
The uncertainty of the sensor after the calibration is then estimated using uncertainty 
propagation. Accordingly, with Louis Lyons (1991), the uncertainty propagation can be 
calculated using Equation (4), where 𝑢  represents the estimated uncertainty of each 
quantity.  
 𝑢𝑎






The uncertainty of the Omega module 0-6894.7 kPa (0-1000 psig) is +/-0.05% FS, which 
is equivalent to +/-3.44 kPa (0.5 psig). Meanwhile, the uncertainty of the pressure sensor 
Setra 0-1723.69 kPa (0-250 psig) is 0.013% FS, which is equivalent to +/- 2.24 kPa (0.32 
psig). Using these values in Equation (4) results in an uncertainty of +/-4.11 kPa (0.59 psig). 
Similar calculations were done for the pressure transducers of larger range, and the results 
are shown in Table 4, where the uncertainties of all sensors are summarized.    
3.1.6.2 Temperature Sensor 
The temperature sensors used are thermocouples. A thermocouple consists of two wires of 
different materials that, when in contact, produce voltage as a function of temperature. The 
ends of these wires are welded together and called the thermocouple junction. The junction 
is then used to measure the temperature obtained by the voltage reading and converted by 
using tables according to the type of junction materials.  
The test-stand is equipped with 12 underground thermocouples, type T. This type of 
thermocouple uses copper and copper-nickel alloy (also known as constantan) wires. It is 
considered a very stable temperature sensor and can operate in the range of -250°C to 
350°C (-328°F to 662°F). 
3.1.6.3 Mass Flow Sensor 
Mass flow sensors are used in the hot water loop and the ORC loop. In both applications, 
the device uses the Coriolis Effect to estimate the mass flow rate of the fluid. The meter 
induces a vibration in the flow tube through which the fluid passes; based on the response, 
it is able to measure mass flow rate. More specifically, the tube is forced to oscillate, 
producing a sine wave imposed by the sensor.  
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Figure 21 summarizes the operation principle. If there is no flow, both tubes vibrate in 
phase. When there is flow, the Coriolis causes the tubes to twist, resulting in a phase shift. 
The time difference between the waves is measured and directly proportional to the mass 
flow rate. 
 
Figure 21: Example of the Coriolis Mass Flow Meter Operation Principle.  
Source: Micro-Motion Manual. 
 
The mass flow meter of the working fluid is installed after the pump and before the 
evaporator. In this situation, working fluid in its liquid phase should flow through the 
sensor. It is a F025S Micro-Motion mass-flow meter.  While in the hot water loop, it is 
installed just after the evaporator; and it is a R025S Micro-Motion mass-flow meter.  
3.1.6.4 Torque Sensor 
A rotary shaft torque sensor is equipped in the test-rig; it is linking the shaft of the external 
part of the magnetic coupling to the pulley of the timing belt. It is an important 




A rotatory shaft-to-shaft torque sensor is possible due its design; it incorporates a coin 
silver slip ring assembly that transmits excitation voltage to - and output signals from - the 
rotating sensor.  The installed torque sensor is model 1324 from Sensor Development Inc. 
It is rated for 23 Nm (200 inlbs) and can support an overload capacity of 150% FS. 
The torque sensor was calibrated using a bar with oblong hole attached to the active end of 
the sensor (Figure 22). The bar is 1 meter in length and it is made of aluminum; its torque 
was also considered in the calculation. Using its mass, position related to the center of the 
sensor axis, and the gravitational acceleration, it is possible to calculate the torque caused 
by the weight. It is then added to the torque caused by the bar weight, defining the torque 
of that point.  
Thirteen different torque readings, with different weights and positioning it in different 
positions of the bar were collected. The same procedure of averaging 30 readings for each 
point, already explained in the pressure sensor calibration, was adopted here. 
 
 





Table 4: Summary of the sensors and corresponding uncertainties. 
Measurement Description Accuracy 
Temperature Undergrounded T-Type thermocouple +/- 0.5 K 
Pressure (high-pressure side) 
Electronic Pressure Transducer  
0-500 psig 
+/- 5.65 kPa 
+/- 0.82 psi 
Pressure (low- pressure side) 
Electronic Pressure Transducer  
0-250 psig 
+/- 4.105 kPa 
+/-0.59 psi 
Mass flow (working fluid) Coriolis mass flow sensor +/- 0.1 % 
Mass flow (hot water fluid) Coriolis mass flow sensor +/- 0.5 % 
Torque Rotating torque  sensor +/- 1.5 % 
Shaft Speed VFD Encoder +/- 6.84 RPM 
 
3.1.7 DAQ and LabVIEW 
A data acquisition system (DAQ), Agilent HP 750000 Series C Model E13000B, and a 
computer with a National Instrument’s LabVIEW 2014 software is used to read the sensors 
in real time. Integration with CoolProp’s thermophysical properties database permits the 
determination of fluid properties. The properties were even able to be calculated in real 
time. Due to the capability of the LabVIEW software, parameters such as volume ratio, 
power produced, degree of superheat, and degree of subcool was constantly being 
monitored. This facilitated the control of the ORC during experimental testing.  Besides 
real time information, the LabVIEW code also was programmed to save the data in an excel 
file for future analysis.  
The LabVIEW code was developed in collaboration with other pervious graduate students 
but with some improvements was done by the author during this research period. Originally 
the code provided the readings of the sensors. It was modified to also estimate the heat 
transfer in the heat exchangers and also to show both the degree of refrigerant subcool at 
the pump inlet and degree of superheat at the expander inlet. The degree of superheat is 
estimated using the pressure of the expander inlet and CoolProp to determine the saturation 
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temperature of the working fluid. Then, the saturation temperature is subtracted from the 
temperature of the working fluid in the inlet expander. A similar approach is followed with 
for the amount of subcooled. 
A greater modification was necessary when implementing the algorithm to control the 
boiler 40 kW step, as explained in Section 3.1.1. The DAQ only has input ports and the 
SCR needs to receive an input signal from 4 mA to 20 mA to be controlled. Then, the 
microprocessor NI myRIO and a signal conditioner were installed to provide it. Figure 24 
summarizes the information flow to control the SCR. 
 
 
Figure 23: LabVIEW Screen used to read and control the ORC. All Variables Monitored 




Figure 24: Scheme With the Information Flow to Control the SCR . 
 
The original LabVIEW code, stored on the personal computer, needed to communicate 
with the microprocessor NI myRIO, an external hardware, to transfer the signal amplitude 
information to the SCR. In order to make it happen, a LabVIEW project was created; the 
original LabVIEW code and a new code created to control the hardware, NI myRIO, were 
incorporated in this project; finally, a global variable was created to communicate between 
these devices.  The LabVIEW on the computer was modified to write in this global variable 
the amplitude of the signal calculated to be sent to the SCR. The stored code in myRIO 
reads this global variable and sends the output signal (0-10V) to a signal conditioner, which 
converts the 0-10 V signal to 4-20 mAh and then sends it to the SCR.  
Limitations to not exceed the maximum power of the heaters were added. Links with stop 
buttons on the screen computer and the external button of myRIO were assigned to be able 





Figure 25: Real-time T-s Diagram from the LabVIEW Code Screen. 
 
Another improvement was the implementation of a real-time temperature-entropy diagram 
of the cycle. In order to create this diagram, the cycle pressures and temperatures were 
bundled. A new virtual interface was used to calculate the entropy of each state with 
CoolProp and bundled as well. The two bundles were then plotted, representing the cycle.  
In addition, it is necessary to plot the vapor and liquid saturation lines for the working fluid 
(R245fa).  A file with the temperature and entropy of the saturated vapor and liquid lines 
for R245fa was created using CoolProp and Matlab. Then, it was imported to be over-laid 




In an ORC, the working fluid needs to be cooled to become liquid again and then 
pressurized by the pump. The sink is the media where the ORC rejects heat. The ORC’s 
heat rejection occurs in the condenser. The test-rig is connected to the building water loop 
and this water is the sink media. However, the temperature of the water is not controlled in 
the test-stand; the building system has a controller that does not allow it to vary much. The 
highest temperature of the cold water at the condenser inlet registered was 14.1°C (57.4°F), 
while the lowest temperature was 13.4°C (56.1°F). Even given this variation, it has relative 
small amplitude, and typically was not able to vary the full range during a testing period 





CHAPTER 4. EXPERIMENTAL INVESTIGATION 
The experimental investigation has the objective of evaluating the performance of the Air 
Squared scroll expander in the test rig. Both the power produced and isentropic efficiency 
are experimentally measured for a volume ratio ranging from 3.45 to 7.92 with two 
different source temperatures of 85 °C (185 °F) and 110 °C (230 °F).  
A possible application for this scroll expander is an ORC for power production from wasted 
heat. The chosen two temperature sources are in agreement Rattner and Garimella (2011). 
  
4.1 Steady State Condition 
The steady state condition used is based in the standard developed by Woodland et al. 
(2012). A standard was proposed that compares the actual value of the measured variables 
with its older value 10 minutes earlier. Accordingly, with this standard the measurements 
are recorded at a rate of approximately 1 Hz and then averaged over 30 measurements (30 
seconds) to determine the values that are compared. A small change in the standard was 
made. Instead of recording the measurements with a rate of 1 Hz, they were recorded with 
0.66 Hz due equipment limitations. However, the average time of 30 seconds was 
maintained and 20 measurements were averaged in this case. Figure 26 and Table 5 





Figure 26: Diagram Showing Which Measurements are Averaged and the Space Between 
those Averages Used to Determine Steady State Conditions. Picture adapted from 
Woodland (2012). 
 
Table 5: Criteria used in the comparison of each measurement for steady state condition. 
Measurement type Steady State Criteria 
Temperature Difference < 0.5 K 
Pressure Change < 2% 
Mass Flow Change < 2% 
Rotating Equipment Speed Change < 2% 
 
 
4.2 Test Matrix 
The test matrix must contain a wide range of operating conditions in order to show the true 
behavior of the expander power and isentropic efficiency. The filling factor is mainly 
depended of the expander speed and different expander speeds were tested to also evaluate 
the trend of this parameter.  
For each expander speed the tests always initiate with the lowest pump speed. When the 
pressures and flow are stable (between 80 – 110 RPMs), the lowest pressure ratio for the 
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expander is achieved. The tests for the expander speed are considered finished when one 
of the three scenarios happened: 
 the degree of superheat is lower than 3 °C (5.4 °F); 
 the limited of 23 Nm (200 inlbs) of the torque sensor is reached; or 
 the inlet pressure of the expander is close to 1380 kPa (200 psia). 
This process was repeated for both temperature sources.  Table 6 summarizes all speeds in 
the test matrix. Additionally, the expander was tested at 2400 RPMs for each temperature 
source because this point was close to a filling factor of 1. 
 
Table 6: Test matrix of the expander experimental study.  
Source Temperature Expander Speed (RPM) 
85°C (185°F) 800 1600 2000 2500 3000 
110°C (230°F) 800 1600 2000 2500 3000 
 
 
4.3 Working Fluid 
The working fluid chosen to test with the scroll expander in the ORC test-rig was the 
refrigerant R245fa. It presents good matching properties for low temperature sources and 
therefore, is considered a suitable candidate for waste heat recovery. 
R245fa is listed as a B1 ASHRAE refrigerant safety group classification. It has zero ozone 
depletion potential, but it is rated with a 950 global warning potential. Some of its 




Table 7: Summary of some characteristics of the R245fa.  
Formula: CHF2CH2CF3 
Chemical name: 1,1,1,3,3-Pentafluoropropane 
Molecular weight : 134.03 g/mol 
Decomposition temperature : > 250 °C 
Critical Temperature: 153.8  °C 
Critical Pressure: 36.4 bar 
 
 
4.4 Experimental Analysis 
This section provides information regarding data post-processing. It indicates how the 
experimental measurements recorded from the instrumentation are analyzed and how the 
properties of the working fluid are determined.  
The test-rig is equipped with LabVIEW and the working fluid properties evaluated in real 
time were calculated using CoolProp. However, during the post-processing data analysis 
all fluid properties were evaluated using the software Engineering Equation Solver (EES).  
The volumetric performance of the scroll expander is quantified by the evaluation of the 
filling factor (𝜙). It is defined as the ratio of the actual flow rate by the theoretical flow 








Where 𝑉𝐷,𝑒𝑥𝑝 is the theoretical displacement volume of the expander. The built-in volume 
ratio (𝑟𝑣) is a characteristic of the scroll expander dependent on its geometry. The tested 









While the volume ratio imposed on the expander is the ratio of the working fluid specific 





















Where the measured shaft power is: 
 ?̇?𝑒𝑥𝑝,𝑠ℎ𝑎𝑓𝑡 = 2𝜋𝑁𝑒𝑥𝑝,𝑠ℎ𝑎𝑓𝑡𝜏𝑒𝑥𝑝,𝑠ℎ𝑎𝑓𝑡 (10) 
 
And the isentropic work between the expander suction and the discharge pressure is: 





4.5 Uncertainty Analysis 
It is standard practice of any experimental work to evaluate the uncertainty propagation in 
all parameters. In this study the software EES was utilized to calculate the uncertainty 
propagation. The uncertainties of the sensors used in the experimental tests are presented 
in Table 4. 
The method for determining this uncertainty propagation that the software EES uses was 
presented by Taylor B.N. and Kuyatt, C.E (1994). It assumes that the individual 
measurements are uncorrelated and random. The uncertainty of the variable the calculated 
quantity can be determined as: 
 







4.6 Some Experimental Issues 
This section intends to briefly discuss some experimental issues faced in the ORC test-rig. 
The goal is to make the major issues found in this thesis aware to all other ORC designers. 
The three principal challenges from this test stand were related to vibration, leakage and 
the hot water loop.  
4.6.1 Vibration and Leakage 
The scroll expander is located in the highest level of the test-rig, approximately 1.82 
meters (6 ft) from the floor. It is assumed that the height of the expander amplifies the 
vibration effect on the system. 
Some changes that were performed to reduce the high vibration levels: 
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 realigning the shaft from the magnetic coupling to the timing belt pulley to correct 
the alignment the oblong holes  
 applying the correct level of tension in the timing belt 
 reinforcing the ORC frame by adding two extra beams 
 
4.6.2 Leakage 
It was estimated that during the period of August 2014 to May 2016, the total amount of 
R245fa lost from the system is approximately 13.6 kg (30 lbs). Each time that the system 
needed to be charged, a leak test was performed by charging the system with nitrogen and 
monitoring the pressures for the following 24 hours. This practice helped to find many 
leakage sources; however, sometimes the leakage sources only appeared after the system 
was ran with R245fa.   
The major source of leakage was found to be in not properly soldered connections, such as 
the pressure transducer connections. The solution in these cases was to re-do the O-flare 
fittings. Also, two other leakage sources were found that only occurred one time each. The 
expander presented an odd leakage behavior. During leak testing with nitrogen, it was able 
to hold the pressures. However, when the system was charged with refrigerant, leakage 
occurred at even low pressures. This leakage source was quite challenging to find and the 
probable cause is associated with a wrong fitting used at the inlet and outlet of the expander. 
The expander was installed with flare fittings and paste sealant instead of using the SAE 
thread fitting (that uses an O-ring) as shown in Figure 27. 
The piston pump also presented some leakage and the seal kit was replaced, which 
minimized this leakage. This pump was re-utilized from another test-stand, where it was 
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used for an ammonia and water system. This is the probable cause of the leakage. When 
the ORC is not running, the pump is isolated and both the inlet and outlet valves are closed 
to avoid leakage caused by minor damages to the equipment.   
 
 
Figure 27: The Specified Expander Fitting (left) and the Flare Connection that Were 
Being Used and Probable Were the Leakage Source (right). 
 
4.6.3 Hot Water Loop 
Besides the proportional controller that needed to be installed in the boiler to have a stable 
source temperature. An issue of this water loop is to find parts rated for high temperatures. 
Some examples are the diaphragm expansion tank, which is used to absorb the thermal 
expansion of the water and the vent valve of this loop. Both parts mentioned are rated for 
temperatures up to 115 °C (240 °F), which is lower than the 177 °C (350 °F) water that the 
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boiler can provide. Consequently, the replacement of these parts requires a custom-made 
solution. 
 
4.7 Results and Discussion - Experimental Evaluation 
During the experimental test phase, 75 data points were collected and all these points are 
shown in Table 13 and Table 14 in Appendix A. It is composed of 18 points that were run 
with the temperature source at 85 °C (185 °F), and 57 points from the temperature source 
at 110 °C (230 °F).  
The highest isentropic efficiency found is 0.58 for temperature source of 110 °C (230 °F), 
and 0.51 for temperate source of 85 °C (185 °F). These conditions are summarized in Table 
8. For the temperature source of 110 °C (230 °F), the maximum power production of 3.75 
kW does not coincide with the maximum expander isentropic efficiency. However, for the 
temperature source of 85 °C (185 °F), the point of maximum power and efficiency are the 
same. It may be an indication that the peak efficiency was not achieved for this temperature 
source, and larger pressure ratios were necessary to capture this peak. 
Table 8: Summary of the conditions for best expander isentropic efficiency and 
















[ºC] [RPM] [ºC] [-] [-] [-] [kW] [-] 
85.20 2000 1.83 4.80 5.02 1.10 1.64 0.51 
110.41 1600 21.74 5.95 6.12 1.20 2.34 0.58 




The behavior of the isentropic efficiency by the imposed volume ratio, pressure ratio and 
filling factor are shown in Figures 28 to 30 with data from both temperature sources. In 
Figure 31, it is shown that the filling factor is mainly a function of the expander speed.  
The expander isentropic efficiency versus pressure ratio is shown for each temperature 
source in Figure 32 and Figure 33. Only the trend of the expander efficiency versus pressure 
ratio is presented due to its similar trend with the volume ratio.  
The experimental measurements of the isentropic expander speed for the temperature 
source of 110°C (230°F) were able to capture the peak of the expander isentropic efficiency, 
shown in Figure 33. Also, the expander speed of 1600 RPM consistently shows better 
efficiency than the other speeds at this source condition. 
 
Figure 28: Expander Isentropic Efficiency versus Filling Factor. Peak of efficiency occur 





Figure 29: Isentropic Expander Efficiency versus Volume Ratio. Efficiency Peak occurs 
at volume ratio 6.12. Plot created using all the 75 data points.  
 
 
Figure 30: Isentropic Expander Efficiency versus Pressure Ratio. Plot created using all 





Figure 31: Filling Factor as Function as Expander Speed. Plot Using all the 75 Data 
Points from 2 Different Temperature Sources (85 °C and 110°C). 
  
 






Figure 33: Expander Isentropic Efficiency versus Pressure Ratio for Temperature Source 
of 110°C. 
 
The expander speed of 2000 RPM with the temperature source of 85°C (185°F) shows 
higher efficiencies than the other speeds, which is presented in Figure 32. However, it is 
noted that close to the expander isentropic efficiency peak of 0.510, the expander speed of 
1600 RPM is approaching the efficiency of the speed 2000 RPM. The highest expander 
isentropic efficiency for the speed 1600 RPM is 0.507, just slightly lower than 0.51 from 
the measured peak efficiency for this temperature source. In both situations the inlet 
pressure conditions could not be increased any further due to the degree of superheat at 
these points. At a speed of 2000 RPM the superheat was 1.83°C (3.3°F) and the condensing 
pressure was 155.8 kPa, while for 1600 RPM the degree of superheat was 2.4 °C (4.32°F) 
and the condensing pressure was 150.2 kPa. In order to test larger pressure ratios for these 
two speeds, the condensing pressure should be lower. However, the condensing pressure 
is strictly related with the sink conditions and since there is no control over the sink water 
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temperature and flow rate, larger pressure ratios than those presented in Figure 32 were not 
able to be achieved. 
For most of the expander speed selected to be tested, the degree of superheat was the 
limiting condition that defined the end of the tests for that expander speed, as shown in 
Figure 34 and Figure 35. The expander speed of 800 RPM for the temperature source of 
110 °C (230 °F) is limited by the torque cell. At this point the superheat still was at 16.4 °C 
(29.5 °F), indicating higher pressure ratios could be tested for this speed, if a high capacity 
torque cell were equipped in the test-rig. 
 
 
Figure 34: Expander Power Output versus degree of Superheat at expander inlet. Data in 
blue represents temperature source of 110°C, while data in black represents temperature 
source of 85 °C. 
 
Figure 34 shows that the degree of superheat decreases in a near linear fashion, but when 
it starts to drop below approximated 10 °C (18 °F), its behavior starts to trend to a limit. 
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This can happen due to the fact that in order to increase the inlet pressure, the mass flow 
rate of refrigerant needs to be increased. Consequently, for a fixed sink condition, the 
pressure of the condenser also increases when the mass flow rate is increased, as indicated 
in Figure 39 and 40. Even with large increments in the expander inlet pressure the pressure 
ratio trends to a limit due to this increment in the condensing pressure.  
 
 
Figure 35:Degree of Superheat at  expander Inlet versus Working Fluid Mass Flow Rate. 
Data in blue represents temperature source of 110°C, while data in black represents 





Figure 36: Expander Power Output versus Inlet Pressure of the expander. Data in blue 
represents temperature source of 110°C, while data in black represents temperature 
source of 85 °C. 
 
 





Figure 38: Expander Power Output versus Pressure Ratio for Temperature Source 110°C. 
 
 









Figure 41:Experimentall Expander Mapping Efficiency for Temperature Source 110°C as 




An experimental mapping of the isentropic efficiency as function of the filling factor and 
the volume ratio imposed in the expander was constructed using the data collection at the 
temperature source of 110 °C (230 °F), as shown in Figure 41. The operational conditions 
that would lead to higher isentropic efficiency for the expander tested are located in a 
region of filling factor of approximately 1.2 and volume ratios between 6 and 7.  
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CHAPTER 5. EXPANDER MODELS 
As a complement to the experimental evaluation of the scroll expander, two expander 
models were applied to the data collected. An empirical model is used to create a map of 
the expander isentropic efficiency and output power. While a semi-empirical model is used 
to evaluate the expander’s performance and estimate the expander losses based on the 
determined parameters.  
 
5.1 Semi-Empirical 
This section presents the semi-empirical model introduced by Lemort et al (2009) and its 
application to the scroll expander tested in Chapter 4. This model is able to predict power, 
isentropic efficiency, mass flow rate and the outlet temperature of the expander for 
different operating conditions. This model is presented in this section. The model considers 
that one cycle of the scroll expander includes three main processes: suction, expansion and 
discharge. In order to model the scroll expander cycle, it is decomposed in the following 
physical phenomena as also shown in Figure 42:  
 su  su,1:  working fluid suction pressure drop; 
 su,1  su,2: isobaric suction heat transfer; 
 su,2  in: isentropic expansion to the built-in volume ratio; 
 in  ex,3: adiabatic expansion at constant machine volume; 
 ex,2  ex,1: isobaric discharge heat transfer;  




Figure 42: Conceptual scheme of the expander model. 
 
5.1.1 Pressure Drop 
 
As illustrated in Figure 42, the suction process does not happen with the suction port 
integrally open. The expander suction port is blocked partially by the orbiting scroll, which 
reduces the effective suction port area. The semi-empirical model accounts for resistance 
and all pressure losses encountered by the fluid from the suction line to the suction chamber. 
It is represented during the process (su  su,1) in the model. 
The suction pressure drop is modeled as an isentropic flow through a converging nozzle 
(su -> 𝑛𝑜𝑧𝑡ℎ𝑟𝑜𝑎𝑡 ) of throat cross-section 𝐴𝑡ℎ𝑟,𝑠𝑢𝑐 , followed by an isobaric diffuser 
(𝑛𝑜𝑧𝑡ℎ𝑟𝑜𝑎𝑡 -> su,1). The cross-sectional area 𝐴𝑡ℎ𝑟,𝑠𝑢𝑐 is a parameter to be identified and it 
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represents an average value of the suction port effective area over the entire suction process 
(that extends over one shaft revolution).  
 
Figure 43: Representation of the Suction Chamber at the End of the Suction Process. 
Source: Lemort et al. (2009) 
 
The mass flow (Equation (14)) entering in the expander can be evaluated combining the 
energy conservation through the nozzle and the equation of mass: 
 






 ?̇?𝑟 = 𝜌𝑡ℎ𝑟𝑉𝑡ℎ𝑟𝐴𝑡ℎ𝑟,𝑠𝑢𝑐 (14) 
 ℎ𝑡ℎ𝑟 = 𝑓(𝑃𝑡ℎ𝑟, 𝑠𝑠𝑢𝑐) (15) 
 𝜌𝑡ℎ𝑟 = 𝑓(𝑃𝑡ℎ𝑟, 𝑠𝑠𝑢𝑐) (16) 
 ℎ𝑠𝑢𝑐,1 = ℎ𝑡ℎ𝑟 = 𝑓(𝑃𝑡ℎ𝑟 , 𝑇𝑠𝑢𝑐,1) (17) 
 
A similar approach is taken for the discharge pressure drop. 
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5.1.2 Supply and Discharge Heat Transfer 
There are three main heat transfer interactions inside the scroll expander:  
 the working fluid and the expander shell during the suction and the discharge; 
 the scrolls and the working fluid during the suction, expansion and discharge 
chambers; 
 between the expander shell and the ambient.  
These three heat transfer interactions are computed by introducing a fictitious metal 
envelope of uniform temperature 𝑇𝑤 that represents the metal mass of the expander shell 
and the scroll wraps. This fictitious metal envelope assumes the position where its internal 
part is in contact with the working fluid and its external part is in contact with the ambient. 
The supply and discharge heat transfer are computed by:  
 ?̇?𝑠𝑢𝑝𝑝𝑙𝑦 = ?̇?𝑟(ℎ𝑠𝑢𝑐,2 − ℎ𝑠𝑢𝑐,1) (18) 
 




 ?̇?𝑑𝑖𝑠 = ?̇?𝑟(ℎ𝑒𝑥,1 − ℎ𝑒𝑥) (20) 
 





The supply heat transfer coefficient 𝐴𝑈𝑠𝑢𝑐 and  𝐴𝑈𝑒𝑥 are allowed to vary with different 
mass flow rates of the working fluid accordingly with the following relations:  
 













The nominal mass flow rate ?̇?𝑛 and the heat transfer coefficients 𝐴𝑈 are the parameters 
that need to be determined.  
 
5.1.3 Internal Leakage 
Radial and flank leakage are the two internal leakages in a scroll expander. The radial 
leakage happens due to a gap between the bottom or the top plate and the scrolls, while the 
flank leakage occurs due to the gap between the flanks and the scrolls. These two leakage 
paths are accounted for in the model as only one fictitious leakage clearance, with cross 
sectional area 𝐴𝑙𝑒𝑎𝑘 .The leakage flow rate is modelled as an isentropic flow through a 
simply convergent nozzle, with throat area 𝐴𝑙𝑒𝑎𝑘.The inlet pressure of the nozzle is 𝑃𝑠𝑢𝑐,2, 
while the throat pressure corresponding to the maximum between exhaust and critical 
pressures is:  
 𝑃𝑡ℎ𝑟,𝑙𝑒𝑎𝑘 = max(𝑃𝑒𝑥,1, 𝑃𝑐𝑟𝑖𝑡,𝑙𝑒𝑎𝑘) (24) 
 
















 ℎ𝑡ℎ𝑟,𝑙𝑒𝑎𝑘 = 𝑓(𝑃𝑡ℎ𝑟,𝑙𝑒𝑎𝑘, 𝑠𝑠𝑢𝑐,2) (27) 
 𝜌𝑡ℎ𝑟,𝑙𝑒𝑎𝑘 = 𝑓(𝑃𝑡ℎ𝑟,𝑙𝑒𝑎𝑘, 𝑠𝑠𝑢𝑐,2) (28) 
 ?̇?𝑙𝑒𝑎𝑘 = 𝜌𝑡ℎ𝑟,𝑙𝑒𝑎𝑘𝑉𝑡ℎ𝑟,𝑙𝑒𝑎𝑘𝐴𝑡ℎ𝑟,𝑙𝑒𝑎𝑘 (29) 
 
Thus, the mass flow rate is divided in internal mass flow rate ?̇?𝑖𝑛, and leakage mass flow 










5.1.4 Internal Expansion 
The internal mass flow undergoes the expansion process, which is divided in two steps: an 
isentropic expansion and an adiabatic expansion to the constant expander volume. During 
the isentropic expansion the expander imposes its internal volume ratio and the pressure is 
adapted to this condition. The second step occurs when the discharge line and the discharge 
chamber enter in contact. If the volume ratio imposed by the internal expansion is the same 
as the external volume (between inlet and outlet of the expander), a perfect expansion 
happens and no expansion loses are accounted. However, there are other two situations that 
can occur with losses associated during this process. The under-expansion that happens 
when the external volume ratio is greater than the built-in volume ratio causes an expansion 
to the outlet pressure. For the inverse situation, over-expansion occurs if the external 
volume ratio is less than the internal built-in volume ratio. In this case, flow is forced from 
the discharge line to the expansion chamber (back flow effect).  
The internal power is then the sum of the power produced by the isentropic and constant 
volume expansion: 
 ?̇?𝑖𝑛 = ?̇?𝑖𝑛,𝑠 + ?̇?𝑖𝑛,𝑣 (31) 
 
Isentropic step: 








 ℎ𝑖𝑛 = 𝑓(𝑣𝑖𝑛, 𝑠𝑠𝑢𝑐,2) (34) 
 
Constant machine volume step: 
 ?̇?𝑖𝑛,𝑣 = ?̇?𝑖𝑛𝑣𝑖𝑛(𝑃𝑖𝑛 − 𝑃𝑒𝑥2) (35) 
 
 
Figure 44: P-V diagram representing an Under-Expansion process, on the left, and over-
expansion, on the right. Source: Lemort (2009) 
 
The internal power is not the same as the shaft power ?̇?𝑠ℎ𝑎𝑓𝑡. This difference results due 
to mechanical losses, such as fiction between the scrolls and losses in the bearings. The 
model consider one fictitious mechanical loss torque to represent these two losses 𝜏𝑙𝑜𝑠𝑠. 
This is a parameter that need to be identified and it is considered independent of the 
rotational speed.  




An energy balance for the heat transfer across the expander is used to determine the global 
heat transfer coefficient 𝐴𝑈𝑎𝑚𝑏 between the fictitious envelope and the ambient.  
 ?̇?𝑎𝑚𝑏 = 𝐴𝑈𝑎𝑚𝑏(𝑇𝑤 − 𝑇𝑎𝑚𝑏) (37) 
 
And a second energy balance is done in the fictitious envelope to determine its temperature 
𝑇𝑤: 
 ?̇?𝑙𝑜𝑠𝑠 − ?̇?𝑎𝑚𝑏 − ?̇?𝑠𝑢𝑝𝑝𝑙𝑦 + ?̇?𝑑𝑖𝑠𝑐ℎ = 0 (38) 
 







5.1.5 Methods to Find Parameters 
The model ends up with ten parameters that need to be determined: 
𝐴𝑈𝑎𝑚𝑏, 𝐴𝑈𝑠𝑢𝑐.𝑛 , 𝐴𝑈𝑒𝑥.𝑛, ?̇?𝑟,𝑛, 𝑉𝑠,𝑒𝑥𝑝, 𝑉𝑟,𝑖𝑛,  𝜏𝑙𝑜𝑠𝑠, 𝐴𝑡ℎ𝑟,𝑙𝑒𝑎𝑘, 𝐴𝑡ℎ𝑟,𝑠𝑢𝑐, 𝐴𝑡ℎ𝑟,𝑑𝑖𝑠 
The parameters of the model are then identified by minimizing a global error function 
accounting for errors on the prediction of the main output variables of the model (mass 



























Figure 45: Scheme to Determine the Parameters of the Semi-empirical Model. 
 
The model was written using the programming language Python and its minimization 
process is carried out by a generic algorithm. The generic algorithm is the same 





The validation method for this model is the comparison of the measured values to the 
predicted by the model. The two parameters used to evaluate the accuracy of the model 
are:  





𝑀𝑒𝑎𝑛 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑟𝑟𝑜𝑟 =




5.1.7 Results and Discussion - Semi-Empirical Model 
A genetic algorithmic is used to minimize the error function, Equation (40), and determine 
the 10 required parameters of the model. There were collected 75 experimental data points 
that can be used in this process, however as higher the number of data used in the 
minimization process as longer it takes. In order to overcome this slow process, the 
minimization was realized selecting a set of 10 experimental data points trying to represent 
all the data - covering the full range of expander speeds, pressure ratios, efficiencies and 
output power. Then, this set of 10 experimental data points were used with the 
minimization algorithm to evaluate 1000 times the error function and determine the 10 
parameters required by model. 
It was tested 4 different sets of 10 data points and minimized, all of sets are listed in 
APPENDIX F to I. Using 10 data points at 1000 evaluations of the error function takes 
approximately 40 hours to complete when using a personal computer. The best 
minimization of the error function, Equation (40), achieved was 0.282 and the associated 
parameters are presented in Table 9.  
73 
 
After the determination of the parameters by the genetic algorithm, it is inserted as the 
model parameters and used to simulate the same conditions of all 75 points of the 
experimental data. Plots with the measured values versus the prediction by the model for 
isentropic efficiency, power output, mass flow and expander discharge were generated and 
shown in Figure 46 to Figure 49.   
The semi-empirical model predicts the isentropic efficiency with mean deviation of 4.93% 
and a maximum relative error of 17.75% for the data collection. However, from the 75 
experimental data appoints the model is able to predict 69 with accuracy lower than 10%.  
Table 9: Parameters determined by the minimization of the semi-empirical model.  
Error function evaluated in 0.282. 
Semi-Empirical Parameters 
?̇?𝒓,𝒏 0.1384 [kg/s] 
𝑨𝑼𝒔𝒖𝒄.𝒏 28.3949 [W/K] 
𝑨𝑼𝒆𝒙.𝒏, 11.7066 [W/K] 
𝑨𝑼𝒂𝒎𝒃 6.1725 [W/K] 
𝑽𝒔,𝒆𝒙𝒑 8.10E-05 [m
3] 







𝝉𝒍𝒐𝒔𝒔 2.9680 [Nm] 
 
The power output of the expander is predicted with a maximum deviation of 15% and a 
mean deviation of 4.23%. Figure 45 indicates that this high deviation occurs at low power 
output capacity of less than 1 kW. For higher output power points, the deviation fells inside 
8% which is considered a good prediction. 
The mass flow rate prediction presents good agreement with the experimental data, a 
maximum deviation of 8.06% and a mean deviation of 2.2% were obtained. However, even 
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with the data having a small mean deviation, as the mass flow rates increase the model 
starts to deviate from the measurement by under predicting it.  
The model over predicts the expander output temperature with a maximum difference of 
4.38 K that occur for the point of highest temperature. Besides this deviation, all other 74 
data points can be predicted with deviation in the interval +3.5 K to -2 K. 
 
Figure 46: Calculated Isentropic Efficiency versus Measured Isentropic Efficiency of the 





Figure 47: Calculated Output Power versus Measured Output Power of the Semi-
empirical Model with Parameters from Table 9. 
 
Figure 48: Calculated Output Power versus Measured Output Power of the Semi-




Figure 49: Calculated Mass Flow Rate versus Measured Mass Flow Rate of the Semi-
empirical Model with Parameters from Table 9. 
 
The losses were estimated simulating two different expander speeds, 1600 RPM, as shown 
in Figure 50, and 3000 RPM, as shown in Figure 51. For both expander speeds the same 
conditions are applied as follows: an expander suction temperature of 110 °C (230 °F), an 
ambient temperature of 25 °C (77 °F) and an expander discharge pressure of 150 kPa. The 
isentropic efficiency is calculated as function of the pressure ratio from a point where the 
isentropic efficiency is zero to a maximum pressure ratio of 10.   
The code uses the minimized parameters to calculate the expander isentropic efficiency. 
The effects of the losses associated with each phenomenon are realized neutralizing the 
parameter associated with its physical phenomena. For example, to evaluate the effect of 
the mechanical losses, the torque loss parameter is set to zero. It is important to mention 
that Figures 50 and 51 presents a subtractive effect of the phenomenon. The lowest curve 
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in Figure 50 represents the expander isentropic efficiency.  The second lowest curve has 
removed only the leakage affect, while the third lowest curve removes the leakage and 
pressure losses effects, and this proceedure is followed until the heat losses are removed.  
For expander speed of 1600 RPM, Figure 50, the mechanical losses (friction and bearing 
losses) have the most significant effect on the overall expander performance for the 
pressure ratios lower than about 5. These losses cause the location of the expander peak 
efficiency to shift from its build-in volume ratio (3.5) to a higher volume ratio, 6.12, that 
has a corresponding pressure ratio of 5.95. The other major source of losses is due to 
internal leakage, which is leakage between scroll chambers across radial and flank gaps. 
These losses have the largest relative impacts for pressure ratios above 5. Losses due to 
heat transfer are relatively small and could be neglected. Losses due to pressure drop are 
more important at lower pressure ratios but could be neglected for pressure ratios greater 
than approximately 6. 
For the expander speed of 3000 RPM, as shown in Figure 51, the mechanical losses are 
dominant for pressure ratios of approximately 5.5, causing the same effect in the shift of 
the peak efficiency reported for the expander speed of 1600 RPM. However, pressure 
losses are the second major source of losses for the expander speed of 3000 RPM, causing 
more impact than the internal leakage losses cause in the expander isentropic efficiency for 
pressure ratios lower than approximately 7.  For higher pressure ratios, the pressure losses 
have slightly less impact than the internal leakage. It may happen due to the fact that for a 
higher expander speed, the same pressure ratio is achieved with higher mass flow rates, 





Figure 50: Isentropic Efficiency versus Pressure Ratio. From the Bottom Curve to the 
Top Curve, The Effects of the Losses Are Shown. Each Curve Accounts for the Loss 
Effects from its Antecedent Curves for Expander Speed of 1600 RPM. 
 
Figure 51: Isentropic Efficiency versus Pressure Ratio. From the Bottom Curve to the 
Top Curve, The Effects of the Losses Are Shown. Each Curve Accounts for the Loss 




5.2 Empirical Model - Pajecka Equation 
Declay et al. (2013) proposed the adaptation of the “Magic Formula tire model” from 
Pacejka and Bakker (1992) to express the isentropic efficiency as function of the pressure 
ratio of the expander. They have shown that this equation can accurately represent a non-
dimensional performance curve of the expander.  
 
5.2.1 Empirical Model - Pajecka Equation 
 
Figure 52: Mathematical meaning of the empirical equation. Source: Declaye et. al 
(2013) 
 
Three working conditions are necessary to be specified for the empirical Pajecka model as 
follows: inlet pressure (𝑝𝑠𝑢𝑐), rotational speed (𝑁𝑟𝑜𝑡), and pressure ratio (𝑟𝑝) over the 
expander.  Figure 52 presents the meaning of the main equation parameters for a normal 
rotational speed (𝑁𝑟𝑜𝑡,𝑛): maximum isentropic efficiency (𝑦𝑚𝑎𝑥), value of pressure ratio 
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where the maximum efficiency occurs (𝑟𝑝,𝑚𝑎𝑥), value of pressure ratio where efficiency is 
zero(𝑟𝑝,0), curve shape (ξ) and slope of the efficiency curve close to the x-intercept (𝛿). A 
more detailed explanation of these parameters when used to express the isentropic 
efficiency versus the pressure ratio of the expander is shown by Woodland (2015). The 
expander isentropic efficiency (𝜇𝑠) is then calculated by:  
 
𝜂𝑠 = 𝑦𝑚𝑎𝑥 sin (ξ arctan (𝐵(𝑟𝑝 − 𝑟𝑝,0)











𝐵(𝑟𝑝,𝑚𝑎𝑥 − 𝑟𝑝,0) − tan (
𝜋
2ξ)
𝐵(𝑟𝑝,𝑚𝑎𝑥 − 𝑟𝑝,0) − arctan (𝐵(𝑟𝑝,𝑚𝑎𝑥 − 𝑟𝑝,0))
 (45) 
 
The efficiency is function of the rotation speed and the inlet pressure and these parameters 




















These non-dimensional working conditions are then expressed as linear regressions using 
empirical coefficients 𝑎𝑥 and 𝑏𝑥: 
 𝑟𝑝,0 = 𝑟𝑝,0,𝑛 + 𝑎0 𝑁𝑟𝑜𝑡
∗  (49) 
 𝛿 = 𝛿𝑛 + 𝑎1 𝑝
∗ + 𝑎2 𝑁𝑟𝑜𝑡
∗  (50) 
 𝑟𝑝,𝑚𝑎𝑥 = 𝑟𝑝,𝑚𝑎𝑥,𝑛 + 𝑎3 𝑝
∗ + 𝑎4 𝑁𝑟𝑜𝑡
∗  (51) 
 𝑦𝑚𝑎𝑥 = 𝑦𝑚𝑎𝑥,𝑛 +  𝑎5 𝑝
∗ + 𝑎6( 𝑁𝑟𝑜𝑡
∗ −  𝑁𝑟𝑜𝑡,𝑛








The expander power output is determined as a function of the isentropic efficiency and the 
mass flow rate. The mass flow rate can be expressed as a function of the filling factor. Then, 
a linear regression of the non-dimensional working conditions with the following relation 
is used to determine the filling factor: 
 














The factor 60 in the denominator is a conversion of speed of the expander from revolutions 
per minute to revolutions per second. Then, using the calculated efficiency and mass flow 
rate, it is possible to find the expander power output by: 
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 ?̇?𝑒𝑥𝑝 = 𝜀𝑠𝑚𝑟(ℎ𝑠𝑢𝑐(𝑇𝑠𝑢𝑐, 𝑃𝑠𝑢𝑐) − ℎ𝑑𝑖𝑠(𝑠𝑠𝑢𝑐 , 𝑃𝑑𝑖𝑠))̇  (56) 
 
The empirical parameters that need to be identified for the isentropic efficiency are: 
𝑎0, 𝑎1, 𝑎2, 𝑎3, 𝑎4, 𝑎5, 𝑎6, 𝑦𝑚𝑎𝑥, 𝑟𝑝,𝑚𝑎𝑥, 𝑟𝑝,0,  ξ , 𝛿, 𝑁𝑟𝑜𝑡,𝑛 
 
While for the filling factor: 
 𝑏0, 𝑏1, 𝑏2, 𝜙𝑛 
The different parameters are then identified using a curve fitting implemented in Python 
and the experimental data obtained from testing. 
 
5.2.2 Results of the Empirical Model 
The curve fittings for the isentropic efficiency and for the filling factor realized using 
Python code were able to achieve: 
 𝑅𝜇
2 =  0.954 (57) 
 𝑅∅
2 =  0.966 (58) 
 
The determined set of parameters for the filling factor and isentropic curves are listed in 
Table 10 and Table 11, respectively. As a verification of the quality of the prediction of 
this model, the values of the prediction versus the measured values are presented in Figure 
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The curve fitting for the isentropic efficiency resulted in the parameters presented in Table 
11. The model predicts the expander isentropic efficiency with a mean deviation of 3.22% 
and maximum deviation of 11.2%. This provides a better agreement with the measured 




Figure 53: Calculated Isentropic Efficiency versus Measured Isentropic Efficiency used 





Figure 54: Calculated Isentropic Efficiency versus Measured Isentropic Efficiency Using 
Curve Fitting for the Determination of the Parameters of Equation (43) - Parameters 





Figure 55: Calculated Mass Flow Rate using Equation (55) versus Measured Mass Flow 
Rate. 
 
The filling factor, as shown in Figure 54, and the mass flow rate, as shown in Figure 55, 
are predicted with a mean deviation of 2.53% and a maximum deviation of 8.77%. The 
mass flow prediction presents a poorer result when compared with the semi-empirical 
model, which has a mean average deviation of 2.2%, although both models present errors 




Figure 56: Calculated Expander Power Output using Equation (43) and Isentropic 
Efficiency from Pajecka Equation versus Measured Isentropic Efficiency and Mass Flow 
Determined by the Curve Fitting of the Filling Factor. 
 
The power prediction by the empirical model results in a mean relative error of 3.2% and 
a maximum deviation of 11.92%. The values of the measured power around the predicted 
values are well distributed. It results in a better performance to evaluate the power than for 




CHAPTER 6. CONCLUSIONS  
The ORC test-rig demanded significant modifications before the data collection could 
be started. Vibration, leakage and the fluctuation in the water boiler temperature were 
major issues that initially prevented quality data from being gathered.  The vibration, 
which originated in the expander, was reduced by re-aligning the expander shaft to the 
belt pulley, adjusting the timing belt tension to manufacturer’s recommendation and 
adding reinforcement to the ORC frame. The most elusive leakage was due to a wrong 
pipe fitting used in the expander inlet and outlet, as shown in Figure 27. New leakage 
sources were not noticed after completing the modifications. 
Initially, the water boiler that simulates the source of the ORC had large fluctuations 
around the temperature set point, as shown in Figure 13. This was solved by replacing 
one of the mechanical relays that controlled 40 kW for a silicon controlled rectifier. An 
algorithm to control the heat transfer in the evaporator was developed and implemented 
in a LabVIEW project that includes the ORC data input, communication with an 
external microprocessor, NI myRIO, and the control of the output signal to the SCR. 
These changes minimized the temperature fluctuation around the water set point, from 
ranging in the interval [-6, +2] °C to less than [-0.5, +0.5] °C, as shown in Figure 15. 
The modifications in the ORC test-rig rendered it stable and ready to run. A set of 75 




at two temperature sources of 85 °C (185 °F) and 110 °C (230 °F). Five expander 
speeds were selected to be part of the test matrix, as listed in Table 6. Each speed test 
started from the lowest possible pressure ratio and increased until the maximum inlet 
expander pressure limit, the minimum degree of superheat at expander inlet, or the 
torque sensor limit were reached. The data of each test run is presented in Appendix 
Table 01 and Appendix Table 02. 
The conditions of maximum measured isentropic efficiency and power output of the 
expander are summarized in Table 8. The maximum expander isentropic efficiency of 
0.58 was measured for the expander speed of 1600 RPM and temperature source of 
110 °C (230 °F). Figure 33 clearly shows this peak efficiency. However, for the 
temperature source of 85 °C (185 °F), the expander isentropic efficiency peak captured 
also corresponds to the maximum power output tested. Therefore, it cannot be 
confirmed that this is the maximum isentropic efficiency for this expander speed 
without testing larger pressure ratios. Larger pressures ratios were not possible due to 
the constraints imposed by the degree of superheat and the heat rejection to the sink 
limitation. 
Figure 34 indicated that the degree of superheat has an approximated linear relation 
with the output power.  However, the inclination of the line changes as the degree of 
superheat approaches zero. It probably is associated with the higher flow rate, imposed 
by the larger pressure ratios, which causes an elevation in the condensing pressure. 
The expander is specified with a nominal maximum capacity of 5 kW; however, for 
the tested temperatures, the maximum power output obtained was 3.75 kW. In order to 




same tested temperatures or higher temperature sources. Larger pressure ratios require 
larger cooling rejection, which would be achieved by higher sink flow rate, lower inlet 
sink temperature or a larger heat exchange surface for the condenser. The expander is 
rated for temperatures of up to 175 °C (347 °F) and could indeed be tested with higher 
temperature sources. However, modifications to the hot water loop would be necessary, 
since now the expansion tank is limiting it to 115°C (240°F).  
Two modelling techniques were applied to the scroll expander. A semi empirical model 
proposed by Lemort et al. (2009) models the expander process as represented in Figure 
39. It was able to predict the power output, the isentropic efficiency, mass flow and 
outlet temperature of the expander by minimization of an error function, shown in 
Equation (40). The agreement with the measured data was good and is presented in 
Table 12. 
Table 12: Comparison of the Semi-Empirical Model Prediction and the Empirical 
Model. The values are expressed as mean relative errors to the 75 data points of the 
measured values. 
 Empirical Semi-Empirical 
Expander Isentropic Efficiency 3.22% 4.93% 
Expander Power Output 3.20% 4.23% 
Mass flow rate 2.53% 2.20% 
 
By using the best set of parameters found in the minimization process, the semi-
empirical model can also be used to estimate the major losses of the expander for its 
speed of 1600 RPM, as shown in Figure 50, and 3000 RPM, as shown in Figure 51. 




largest losses in the system for lower pressure ratios (less than about 5) for both 
expander speeds. While the internal leakage losses, followed by the pressure losses are 
the major losses for the expander speed of 1600 RPM. However, for the expander speed 
of 3000 RPM, pressure losses cause more impact in the isentropic efficiency than the 
internal leakage. These results are plausible due to the fact that the scroll expander runs 
oil-free, and oil in this type of machine has the function of lubricating it and reducing 
leakage gaps. 
As suggestion of future work, this machine could be rebuilt with a different tightness 
level and different tip seals and tested with the objective to reduce the mechanical 
losses in oil-free operation. 
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Appendix A Data Collection 






Texi Pexi Texo Pexo Tsi Tpi Ppi Tevi Pevi Tambient 
Date [RPM] [RPM] [ºC] [kPa] [ºC] [kPa] [ºC] [ºC] [kPa] [ºC] [kPa] [ºC] 
3/31/2016 800 85 80.97 790.21 39.53 138.63 14.74 14.15 130.44 14.77 785.23 23.77 
3/31/2016 1600 110 80.79 756.28 48.82 150.27 17.21 15.11 138.92 15.56 753.29 25.68 
3/31/2016 1600 85 84.04 643.40 55.27 137.61 14.12 14.08 132.71 14.76 637.96 25.73 
3/31/2016 1600 95 83.97 703.76 53.81 142.76 14.68 14.27 135.16 14.83 699.65 25.74 
3/31/2016 1600 80 83.73 485.58 58.57 131.04 14.18 14.54 129.62 15.10 479.43 25.99 
3/31/2016 2000 95 83.88 638.30 55.59 144.49 14.70 14.46 137.44 14.99 633.49 24.30 
3/31/2016 2000 80 83.94 548.36 57.73 136.53 14.08 14.13 132.63 14.74 543.66 24.35 
3/31/2016 2000 120 79.72 748.18 48.73 155.82 18.18 15.44 142.60 15.90 745.57 24.30 
3/28/2016 2400 130 79.42 733.08 50.73 158.29 18.99 15.34 144.52 15.83 731.44 23.77 
4/1/2016 2500 135 78.64 732.59 49.87 162.47 19.73 16.15 146.56 16.50 730.54 22.64 
4/1/2016 2500 95 84.14 567.53 59.70 141.91 14.44 14.18 136.34 14.77 562.63 22.56 
4/1/2016 2500 120 84.29 697.56 56.62 154.75 17.02 14.94 144.13 15.34 695.73 22.51 
4/1/2016 2500 110 84.51 646.81 61.33 181.84 21.58 17.07 170.78 17.53 643.94 22.70 
4/1/2016 2500 110 84.39 649.04 57.28 149.75 15.61 14.49 140.98 15.03 645.70 22.52 
4/1/2016 2500 80 84.10 482.14 63.83 137.74 14.58 14.58 134.10 15.22 477.12 22.82 
4/11/2016 3000 145 77.61 716.74 51.20 159.45 18.93 15.56 142.77 15.95 716.29 25.09 
4/11/2016 3000 100 84.13 549.78 63.38 140.69 14.29 14.13 134.15 14.62 547.26 25.23 







Table 13 continued.  
mdot_r mdot_source Twevi Twevo Twci Twco Twsi Twso Tor 
[kg/s] [kg/s] [ºC] [ºC] [ºC] [ºC] [ºC] [ºC] [Nm] 
0.0789 0.624 85.13 77.74 13.63 21.69 13.85 14.40 12.59 
0.1013 0.624 84.89 75.44 14.12 24.12 14.21 15.92 9.21 
0.0791 0.624 84.99 77.07 13.63 21.88 13.80 14.08 6.65 
0.0882 0.624 85.02 76.09 13.83 22.90 13.92 14.40 8.07 
0.0578 0.625 85.08 78.86 13.71 19.81 13.84 14.09 3.98 
0.0883 0.624 84.95 75.84 14.09 23.22 14.17 14.51 6.00 
0.0743 0.625 84.95 77.23 13.73 21.54 13.88 14.08 4.48 
0.1108 0.624 85.20 74.69 14.11 24.99 14.18 16.49 7.84 
0.1200 0.624 85.30 74.00 14.02 25.86 13.99 16.46 5.80 
0.1241 0.624 84.95 73.50 14.15 26.29 14.29 17.75 6.10 
0.0880 0.625 85.07 75.92 13.76 23.06 13.86 14.25 3.35 
0.1113 0.624 85.12 74.29 13.80 25.30 13.95 15.81 5.68 
0.1018 0.624 85.21 75.55 13.39 31.64 13.72 20.55 3.40 
0.1022 0.624 85.27 74.89 13.84 24.54 13.95 14.97 4.84 
0.0745 0.626 85.28 77.61 14.25 22.18 14.31 14.52 1.71 
0.1334 0.624 84.80 72.41 13.86 25.33 14.01 16.98 4.02 
0.0931 0.625 84.90 75.23 13.77 22.52 13.91 14.19 1.78 














Texi Pexi Texo Pexo Tsi Tpi Ppi Tevi Pevi Tambient 
Date [RPM] [RPM] [ºC] [kPa] [ºC] [kPa] [ºC] [ºC] [kPa] [ºC] [kPa] [ºC] 
4/1/2016 800 100 108.78 1070.09 71.09 144.97 14.79 14.18 136.41 14.82 1064.09 24.76 
4/1/2016 800 80 108.72 908.58 70.82 135.99 14.21 14.19 131.58 14.94 901.39 24.31 
4/14/2016 800 80 108.90 877.67 73.41 132.03 14.06 14.08 127.46 14.75 872.81 23.92 
4/14/2016 800 100 109.14 1058.41 72.26 141.48 14.82 14.43 133.41 15.07 1054.95 24.05 
4/14/2016 800 90 108.99 973.28 72.70 136.87 14.30 14.21 130.24 14.85 969.02 24.07 
4/1/2016 1600 80 108.01 539.89 79.20 133.47 14.70 15.08 132.21 15.62 533.80 25.45 
4/1/2016 1600 86 108.53 677.17 77.11 138.41 14.17 14.17 133.79 14.79 673.37 25.23 
4/13/2016 1600 100 108.89 819.59 73.01 139.61 14.30 14.07 133.93 14.68 815.90 25.23 
4/13/2016 1600 140 109.24 1061.20 71.29 161.16 17.77 15.33 145.84 15.86 1058.52 25.23 
4/13/2016 1600 120 109.06 959.70 71.17 150.14 15.76 14.56 140.90 15.08 957.51 25.23 
4/13/2016 1600 180 107.66 1262.68 67.59 180.15 22.43 17.17 156.22 17.79 1261.26 24.49 
4/13/2016 1600 80 108.67 654.61 75.70 132.33 14.23 14.26 130.03 14.91 651.85 25.08 
4/14/2016 1600 150 109.26 1102.16 71.79 165.48 18.67 15.53 149.38 15.97 1100.35 24.40 
4/14/2016 1600 100 108.89 781.75 75.53 139.88 14.38 14.10 134.21 14.70 778.34 24.32 
4/14/2016 1600 80 108.60 638.57 77.65 133.26 13.98 14.04 130.57 14.56 634.42 24.32 
4/14/2016 1600 125 109.29 950.30 73.94 152.64 16.17 14.61 142.35 15.11 947.21 24.25 
4/15/2016 1600 160 108.98 1175.52 71.43 206.59 14.16 14.16 194.31 14.66 1173.46 23.69 
4/15/2016 1600 190 103.23 1279.89 62.76 194.91 16.03 14.87 184.01 15.35 1277.16 24.00 
4/16/2016 1600 160 109.09 1189.82 69.28 176.28 16.35 15.15 159.65 15.63 1187.16 23.90 
4/16/2016 1600 140 109.42 1070.12 71.42 171.33 14.89 14.67 159.82 15.12 1067.51 23.77 
4/16/2016 1600 90 109.06 750.11 74.24 143.51 14.12 14.15 141.03 14.76 745.07 23.79 





Table 14 Continued. 
4/13/2016 2000 120 109.20 829.27 75.48 147.98 15.25 14.16 138.74 14.74 826.73 22.75 
4/13/2016 2000 141 109.39 940.23 75.39 160.35 17.39 15.09 146.66 15.61 938.15 22.50 
4/13/2016 2000 180 109.50 1149.21 72.99 181.85 21.60 16.98 158.24 17.43 1147.98 23.31 
4/13/2016 2000 160 109.45 1047.90 74.14 172.01 19.58 16.05 151.72 16.56 1048.20 22.81 
4/14/2016 2000 100 109.13 704.43 78.48 140.42 14.45 14.21 134.05 14.67 701.05 24.19 
4/14/2016 2000 80 108.81 567.50 80.51 132.63 14.22 14.24 130.55 14.85 563.65 24.24 
3/28/2016 2400 160 109.18 966.68 76.85 181.83 20.79 16.33 162.95 16.77 965.60 24.09 
4/1/2016 2500 130 109.07 802.55 78.95 162.12 16.86 14.81 148.67 15.31 798.72 23.53 
4/1/2016 2500 110 109.13 691.64 80.77 150.90 15.26 14.38 143.31 14.94 687.51 23.42 
4/1/2016 2500 88 108.97 558.70 83.60 140.43 14.24 14.21 136.36 14.79 554.55 23.49 
4/1/2016 2500 75 108.71 481.04 86.38 137.88 14.29 14.48 134.25 14.76 476.23 23.53 
4/1/2016 2500 130 109.88 803.48 79.43 165.48 17.65 15.52 151.28 15.94 800.68 23.49 
4/11/2016 2500 100 108.92 634.24 80.76 141.58 14.48 14.30 135.69 14.79 630.48 23.78 
4/11/2016 2500 195 109.32 1147.12 72.74 190.31 22.83 17.84 166.46 18.30 1141.91 25.58 
4/11/2016 2500 210 107.22 1194.23 70.12 197.00 24.72 18.48 168.63 19.11 1156.17 25.41 
4/11/2016 2500 115 109.10 722.62 79.40 149.40 15.39 14.61 139.84 15.08 717.35 25.40 
4/11/2016 2500 175 109.43 1065.16 73.56 180.36 20.88 16.84 158.69 17.29 1052.82 25.74 
4/11/2016 2500 146 109.22 888.27 78.08 164.25 17.59 15.23 148.71 15.68 885.81 25.23 
4/11/2016 2500 135 109.25 844.12 76.03 157.50 16.60 14.75 144.10 15.31 838.78 25.40 
4/11/2016 2500 85 108.73 542.75 82.91 135.33 14.16 14.17 132.87 14.71 507.69 26.09 
4/15/2016 2500 210 106.20 1195.06 70.13 217.87 15.60 14.81 198.31 15.24 1194.33 23.74 
4/15/2016 2500 225 100.85 1206.31 65.22 221.41 16.68 15.37 195.03 15.72 1206.79 23.98 
4/16/2016 2500 90 108.88 588.59 82.18 147.95 14.63 14.66 146.22 15.24 584.66 23.83 
4/16/2016 2500 225 102.17 1208.66 65.20 204.32 25.55 19.51 173.96 19.97 1207.75 23.82 






Table 14 Continued. 
4/11/2016 3000 120 109.02 691.75 82.85 152.33 15.71 14.76 140.37 15.28 688.88 25.12 
4/11/2016 3000 140 109.16 793.42 80.95 163.27 17.39 15.36 146.95 15.77 792.15 25.17 
4/11/2016 3000 175 109.33 956.63 78.77 180.11 20.44 16.57 158.33 16.98 954.26 24.91 
4/11/2016 3000 100 109.03 578.43 85.57 141.29 14.26 14.11 135.20 14.58 575.12 25.03 
4/13/2016 3000 180 109.29 982.54 77.89 183.03 21.33 16.94 160.49 17.46 982.99 22.78 
4/13/2016 3000 200 109.64 1069.79 77.06 192.83 23.04 17.71 167.60 18.17 1070.36 22.69 
4/13/2016 3000 160 109.60 891.11 79.27 172.45 19.48 16.10 152.48 16.61 889.59 22.81 
4/13/2016 3000 80 108.85 472.98 88.47 134.15 14.32 14.34 131.27 14.95 469.09 25.32 
4/16/2016 3000 225 107.22 1161.90 72.48 205.89 25.17 19.32 175.14 19.75 1162.64 23.73 















Table 14 Continued. 
mdot_r mdot_source Twevi Twevo Twci Twco Twsi Twso Tor 
[kg/s] [kg/s] [ºC] [ºC] [ºC] [ºC] [ºC] [ºC] [Nm] 
0.0929 0.583 110.04 99.21 13.67 23.94 13.79 14.40 20.16 
0.0746 0.580 110.21 101.09 13.81 22.11 13.97 14.21 16.69 
0.0743 0.615 110.27 101.87 13.68 20.87 13.86 14.05 15.87 
0.0923 0.617 110.30 99.90 13.95 22.81 14.12 14.53 20.51 
0.0834 0.616 110.31 101.32 13.81 21.88 14.00 14.23 18.33 
0.0618 0.579 109.84 102.52 14.20 21.27 14.43 14.71 5.23 
0.0800 0.581 109.98 100.36 13.83 22.86 13.93 14.13 7.91 
0.0929 0.618 109.97 99.78 13.66 22.67 13.81 14.12 11.46 
0.1293 0.621 110.00 95.85 14.04 26.22 14.20 16.28 16.17 
0.1112 0.618 110.03 97.64 13.89 24.47 13.99 14.96 14.17 
0.1629 0.622 110.15 93.14 14.01 28.69 14.03 19.32 19.61 
0.0741 0.615 110.36 101.84 13.90 21.18 14.04 14.21 7.99 
0.1384 0.627 110.03 95.50 13.85 26.81 14.01 16.83 16.29 
0.0927 0.627 110.07 100.10 13.65 22.72 13.86 14.22 10.45 
0.0744 0.617 110.15 101.77 13.99 21.24 13.99 13.99 7.36 
0.1156 0.627 110.19 97.90 13.74 24.89 13.94 15.23 13.72 
0.1476 0.627 109.78 94.22 13.78 27.91 13.94 14.15 17.15 
0.1748 0.627 110.17 92.61 13.75 29.61 13.91 15.36 20.07 
0.1476 0.628 109.99 94.52 14.03 27.91 14.29 15.66 18.69 
0.1294 0.627 110.21 96.39 14.20 26.51 14.35 14.68 16.32 
0.0836 0.617 110.38 101.05 13.71 21.80 13.90 14.07 9.84 






Table 14 Continued. 
0.1109 0.627 110.16 98.05 13.43 24.15 13.58 14.52 10.09 
0.1290 0.622 110.18 96.02 13.88 26.23 13.99 15.95 11.73 
0.1651 0.627 110.25 92.96 14.03 29.20 14.16 18.94 15.02 
0.1472 0.625 110.32 94.36 14.09 27.88 14.18 17.48 13.58 
0.0926 0.617 110.37 99.96 13.77 22.96 13.97 14.27 7.44 
0.0742 0.615 110.38 101.92 13.87 21.19 14.05 14.21 4.97 
0.1475 0.587 110.07 92.62 14.30 30.36 14.29 17.89 9.55 
0.1207 0.620 109.83 96.72 13.65 27.10 13.71 15.66 7.08 
0.1022 0.619 110.12 98.95 13.67 25.29 13.81 14.70 5.53 
0.0819 0.617 110.32 101.15 13.81 23.25 13.93 14.16 3.27 
0.0701 0.616 110.41 102.22 14.41 22.48 14.39 14.32 1.81 
0.1204 0.620 110.88 97.83 14.30 27.76 14.40 16.38 7.12 
0.0931 0.618 110.00 99.63 13.90 23.17 14.08 14.35 4.85 
0.1787 0.627 110.01 91.54 14.18 30.41 14.30 20.16 13.16 
0.1923 0.627 110.01 90.26 14.07 31.10 14.13 21.28 13.93 
0.1067 0.618 110.05 98.36 14.04 24.58 14.20 14.89 6.22 
0.1614 0.624 110.10 93.14 14.15 29.08 14.27 18.65 11.97 
0.1353 0.620 110.17 95.25 13.84 26.87 13.98 16.21 8.46 
0.1248 0.620 110.18 96.24 13.78 25.74 13.85 15.40 8.72 
0.0790 0.615 110.28 101.28 13.80 21.79 13.98 14.16 3.44 
0.1941 0.627 110.02 89.84 13.81 32.04 14.02 15.17 13.41 
0.2066 0.627 110.04 89.12 13.92 32.83 14.13 15.97 13.36 
0.0837 0.619 110.18 100.90 14.27 22.56 14.42 14.55 3.76 
0.2052 0.627 110.19 89.74 14.06 31.77 14.17 22.38 14.31 








Table 14 Continued. 
0.1113 0.586 109.90 97.07 13.99 25.15 14.22 15.16 4.07 
0.1297 0.619 109.98 95.79 14.19 26.86 14.33 16.18 5.55 
0.1613 0.623 110.12 92.99 13.97 29.27 14.12 18.28 7.90 
0.0930 0.582 110.22 99.25 13.69 23.19 13.90 14.18 2.25 
0.1658 0.627 109.98 92.50 14.04 29.72 14.21 18.78 8.33 
0.1836 0.627 110.27 91.04 13.93 31.00 14.05 20.05 9.62 
0.1479 0.625 110.31 94.69 14.08 28.30 14.24 17.46 7.44 
0.0744 0.615 110.48 101.85 14.00 21.68 14.16 14.32 0.79 
0.2053 0.627 110.17 89.05 14.01 32.35 14.16 22.14 11.39 






Appendix B Pressure Calibration Data 
Calibration data point of the pressure sensors.  
The calibration-stand accepts calibration of multiples sensor at same time. The calibration 
was realized with 2 sensors per time. 
Table 15: Pressure point and output signal reading for the pressure transducer installed at 
expander inlet and evaporator inlet. 
Pressure kPa  (psi) Pexi [v] Pevap [v] 
0  (0) 0.102 0.099 
101 (696.37) 1.119 1.109 
205.96 (1420.04) 2.171 2.158 
299.9 (2067.73) 3.110 3.092 
402.2 (2773.07) 4.135 4.111 
500 (3447.38) 5.119 5.086 
  R²=1 R²=1 
 
Pexi = (687.62*V) - 71.61; 
Pevi = (691.4*V) - 70.032; 
Table 16: Pressure point and output signal reading for the pressure transducer installed at 
expander outlet and pump inlet. 
Pressure Kpa  (psi) Ppi [v] Pexo [v] 
0.00 (0) 0.135 0.139 
344.88 (50.02) 1.148 1.153 
689.48 (100) 2.150 2.158 
1033.87 (149.95) 3.146 3.156 
1378.88 (199.99) 4.141 4.158 
1704.80 (247.26) 5.081 5.109 
  R²=1 R²=1 
 
Pexo= (343.35*V) - 49.614; 




Appendix C Torque Calibration Data 
Table 17: Torque calibration equations. 13 data points where used in the calibration 
process. 




























Appendix D Calibration Equation of All Sensors 
The calibration equation of all sensors of the test-rig. The nomenclature of each sensor is 













Pexi = (687.62*V) - 71.61; 
Pexo= (343.35*V) - 49.614; 
Ppi= (344.9*V) - 49.652; 
Pevi = (691.4*V) - 70.032; 
mDot_r=0.1529*V-0.1622; 
mDot_w=0.1524*V-0.167; 




Appendix E Start-up and Operation Guide of the ORC 
STEP-BY-STEP PROCEDURE TO OPERATE ORGANIC 
RANKINE CYCLE TEST STAND 
Revision: April 2016 
Date and time:        
Operator:        
A. Pre-Check        
A.1 Place Warning Signs       
A.2 Ensure area Clean and free of trip hazards       
A.3 Inspect insulation and tubing for tears/leaks       
A.4 Check the Expansion tank pressure, if required recharge (40-50 psig)   
B. Pre-Startup        
B.1 Connect analog card into slot '3' and temperature card into slot '1' of the DAQ. 
Plug the Data Acquisition system into the 120 V red power outlet and run the Labview 
code.       
B.2 Keep V3, V4, V5, V6, V9, V10, V11& V12 open. Close other valves.   
B.3 Open the cold water loop.       
B.4 Log in to BAS 172.21.75.20       
B.5 First click in the image after in "siemens 100% cool"      






C. Startup - Heat 
C.1 Plug the 120V power supply for the VFD for the boiler pump in the black power 
outlet. Adjust VFD to run the pump forward at desired mass flow.    
C.2 Turn on the 480V disconnect for the boiler and the boiler power switch.   
C.3 Use the up and down arrow keys to select the desired water temp in the boiler 
controller and turn on the SCR start up mode in the Labview. Guarantee T7 no more than 
110 °C (230 °F).  
C.4 Turn on the 208V disconnect (for the test setup)     
C.5 Turn on the motor and VFD for refrigerant pump at desired REVERSE speed. 
Attention!! This pump runs in reverse!!!       
C.6 When the water temperature is near the setpoint (aprox. 5 °C), change in the 
labview the SCR mode from "start up" to "control".        
C.7 Close V5. Adjust V6 forward at desired pressure ratio between P4 and P3.   
C. Startup - Heat (Continuation)         
C.8 Monitor receiver outlet temp T3 or the sight glass before the pump. Adjust V9 
and V10 to control cooling water flow through condenser and subcooler, respectively. 
C.9 "Continually adjust the following parameters to achieve desired & stable data:  
pump VFD, V7, V8-->mass flow;  
V5, V6-->pressure loss;  
VFD, hot water temp-->refrigerant high temp; 
V9&V10-->low temp."    





D. Startup - Running Expander        
D.1 Open valve  V2       
D.2 Run the expander VFD forward at desired speed:     
D.3 Slowly open V1       
D.4 Slowly close V6       
D.5 Time that the expander started:       
D.6 Enter Expander and Pump speeds into designated fields in the VI   
D.7 Continually monitor data (Guarantee T7 no more than 110°C (230°F), P1 no more 
than 13.8 bar)       
D.8 Operate at steady state conditions       
E. Shutdown        
E.1 Set Expander recorded in VI to Zero       
E.2 Time that the Expander Operation Stops:       
E.3 Open valve V5 and V6       
E.4 Stop the expander VFD       
E.5 Close valve V1       
E.6 Turn off the SCR in Labview and shut off boiler switches (Heaters + Power) 
E.7 Shut off the 480 V power supply       
E.8 Keep V9 and V10 open until T4 reads below 40 °C (104 °F)   
E.9 Shut off boiler feed pump when hot water temperature reaches 40°C (104°F)  
E.10 Set pumps speeds recorded in VI to Zero       
E.11 Stop the refrigerant pump VFD, shut off 208V     




E.13 Close valve V7 and V8       
E.14 Close valves V3 then V4       
E.15 In the water loop webpage, right clic on pressure difference and choose "auto"  
E.16 Check if the value changed to 4 PSI       
E.17 Click “Back" button, go back to main page and click "logoff" button.  
E.18 Close cold water loop       
E.19 Shut off Data Colector and disconnect from power      
E.20 Total Expander Operation Time in min (D.2-E.5)      
E.21 Change the Warning Signs       
F. EMERGENCY Shutdown        
F.1 Open valve V5, to allow bypass of expander       
F.2 Close valve V1 to stop inlet to expander       
F.3 Shut off the 208 V power supply       
F.4 Decrease the temperature set point on boiler and let it cool down    
F.5 Shut off the boiler and the 480 V power supply      












Appendix F Set 1 of 10 Experimental Data Points Used in the Semi-Empirical Model 
Table 18: Set 1 of data selected to be used in the minimization process of the semi-empirical model. 







296.92 354.12 790.21 312.68 138.63 0.079 800 12.59 
297.45 357.03 638.30 328.74 144.49 0.088 2000 6.00 
296.92 352.57 733.08 323.88 158.29 0.120 2400 5.80 
295.79 351.79 732.59 323.02 162.47 0.124 2500 6.10 
298.24 350.76 716.74 324.35 159.45 0.133 3000 4.02 
298.89 357.12 703.76 326.96 142.76 0.088 1600 8.07 
297.20 382.29 1058.41 345.41 141.48 0.092 800 20.51 
297.47 382.04 781.75 348.68 139.88 0.093 1600 10.45 
297.13 374.00 1206.31 338.37 221.41 0.207 2500 13.36 
298.06 382.48 956.63 351.92 180.11 0.161 3000 7.90 
 





UA_suc UA_ex UA_amb Mdot Vratio Asuc Aleak Vsuc Tloss Aex 
10p - set 1 0.3930 37.119 11.808 5.623 0.0276 4.973 5.64E-05 1.16E-05 7.78E-05 2.670 0.000154 
 
Table 20: Results of the evaluation of the 75 data points using parameters of Table 19. RE – Maximum Relative Error, MAPE – 























Appendix G Set 2 of 10 Experimental Data Points Used in the Semi-Empirical Model 
Table 21: Set 2 of data selected to be used in the minimization process of the semi-empirical model 







296.92 354.12 790.21 312.68 138.63 0.079 800 12.59 
298.83 353.94 756.28 321.97 150.27 0.101 1600 9.21 
295.71 357.29 567.53 332.85 141.91 0.088 2500 3.35 
295.66 357.44 697.56 329.77 154.75 0.111 2500 5.68 
298.24 350.76 716.74 324.35 159.45 0.133 3000 4.02 
298.38 357.28 549.78 336.53 140.69 0.093 3000 1.78 
298.38 382.39 1061.20 344.44 161.16 0.129 1600 16.17 
297.15 376.38 1279.89 335.91 194.91 0.175 1600 20.07 
296.93 373.37 1183.83 338.70 214.00 0.221 3000 11.44 
296.68 381.86 481.04 359.53 137.88 0.070 2500 1.81 
 





UA_suc UA_ex UA_amb Mdot Vratio Asuc Aleak Vsuc Tloss Aex 
10p - set 2 0.4057 19.127 29.981 11.435 0.2714 4.087 4.01E-05 1.00E-05 7.75E-05 2.333 0.000362 
 
Table 23: Results of the evaluation of the 75 data points using parameters of Table 22. RE – Maximum Relative Error, MAPE – 























Appendix H Set 3 of 10 Experimental Data Points Used in the Semi-Empirical Model 

















297.22 382.14 973.28 345.85 136.87 0.083 800 18.33 
298.23 381.82 654.61 348.85 132.33 0.074 1600 7.99 
297.15 376.38 1279.89 335.91 194.91 0.175 1600 20.07 
297.34 382.28 704.43 351.63 140.42 0.093 2000 7.44 
296.68 381.86 481.04 359.53 137.88 0.070 2500 1.81 
296.89 379.35 1195.06 343.28 217.87 0.194 2500 13.41 
298.06 382.48 956.63 351.92 180.11 0.161 3000 7.90 
298.18 382.18 578.43 358.72 141.29 0.093 3000 2.25 
297.45 352.87 748.18 321.88 155.82 0.111 2000 7.84 
295.66 357.44 697.56 329.77 154.75 0.111 2500 5.68 
 





UA_suc UA_ex UA_amb Mdot Vratio Asuc Aleak Vsuc Tloss Aex 
10p - set 3 0.3374 3.273 29.796 11.582 0.0824 3.417 4.32E-05 8.46E-06 7.97E-05 2.897 0.000218 
 
Table 26: Results of the evaluation of the 75 data points using parameters of Table 25. RE – Maximum Relative Error, MAPE – 
























Appendix I Set 4 of 10 Experimental Data Points Used in the Semi-Empirical Model 

















295.66 357.44 697.56 329.77 154.75 0.111 2500 5.68 
298.88 357.19 643.40 328.42 137.61 0.079 1600 6.65 
298.38 357.28 549.78 336.53 140.69 0.093 3000 1.78 
295.71 357.29 567.53 332.85 141.91 0.088 2500 3.35 
297.46 381.87 908.58 343.97 135.99 0.075 800 16.69 
297.40 382.44 950.30 347.09 152.64 0.116 1600 13.72 
297.64 380.81 1262.68 340.74 180.15 0.163 1600 19.61 
297.34 382.28 704.43 351.63 140.42 0.093 2000 7.44 
298.38 382.37 888.27 351.23 164.25 0.135 2500 8.46 
295.93 382.44 982.54 351.04 183.03 0.166 3000 8.33 
 





UA_suc UA_ex UA_amb Mdot Vratio Asuc Aleak Vsuc Tloss Aex 
10p - set 4 0.2820 28.395 11.707 6.172 0.1384 3.301 4.01E-05 7.43E-06 8.10E-05 2.968 0.000267 
 
Table 29: Results of the evaluation of the 75 data points using parameters of Table 25. RE – Maximum Relative Error, MAPE – 
















10p - set 4 15.07 4.23 8.06 2.20 4.38 17.75 4.93 
 
